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Introduction 


Mena  is  a  member  of  the  Ena/VASP  family  proteins  that  regulate  actin  polymerization  and  modulate 
the  morphology  and  dynamics  of  membrane  protrusions  thereby  influencing  cell  motility12.  Mena 
expression  is  upregulated  in  human  breast  cancers  and  plays  a  significant  role  in  breast  cancer 
metastasis  3.  Mena  is  alternatively  spliced  and  the  Mena  isoform  containing  the  “INV”  exon 
(“MenaINV”)  is  upregulated  significantly  in  invasive  cells  4.  MenaINV  increases  tumor  cell  invasion, 
coordinated  “streaming”  motility,  and  tumor  cell  intravasation  5“7.  MenaINV-expressing  cells  exhibit 
potent  effects  on  EGF-elicited  tumor  cell  motility,  promoting  actin  polymerization  and  a  more  rapid 
and  extensive  lamellipodial  protrusion,  increasing  invasion  and  sensitizing  cells  to  respond  to  50-fold 
lower  EGF  concentrations  than  control  cells  5.  Analysis  of  several  canonical  signalling  components 
downstream  of  EGFR  (such  as  Erk  and  Akt)  revealed  no  obvious  effect  of  MenaINV  on  their  activities 
despite  increased  activation  of  the  receptor  itself  (unpublished).  The  goal  of  this  project  is  to  further 
investigate  the  mechanism  through  which  MenaINV  drives  invasion  as  well  as  understand  the 
dynamics  of  MenaINV  expression.  In  year  1,  significant  progress  was  made  towards  achieving  these 
goals.  First,  we  showed  that  MenaINV  can  drive  invasion  by  regulating  several  RTKs,  mainly  EGFR, 
Met  and  IGFR  through  dysregulation  of  PTP1B.  MenaINV  does  not  affect  responses  to  growth  factors 
whose  receptors  are  not  regulated  by  PTP1B.  MenaINV  also  drives  resistance  to  several  RTK 
inhibitors,  mainly  Erlotonib  for  EGFR  and  SU1 10274  for  Met.  Next,  I  showed  that  FN  drives  invasion 
of  MenaINV-expressing  cells  in  the  absence  of  growth  factor,  an  effect  which  is  dependent  on 
MenaINV’s  interaction  with  a5pi  as  well  as  EGFR  and  Met.  Finally,  I  generated  and  validated  of  the 
INV  reporter  in  vitro,  and  optimized  and  characterized  staining  for  endogenous  MenaINV  in  mouse  and 
human  tumor  sections  using  a  newly  generated  isoform  specific  antibody.  The  data  collected  in  Year 
1  led  to  two  first  author  publications®'9.  In  Year  2,  I  continued  to  investigate  the  role  of  FN  as  a 
directional  cue  in  migration,  describing  MenaINV-driven  haptotaxis  both  in  vitro  and  in  vivo.  I  studied 
the  mechanistic  basis  for  haptotaxis,  which  involves  inside-out  signaling  at  focal  adhesions  and 
outside-in  ECM  reorganization.  I  also  developed  novel  ways  to  study  haptotaxis  in  vivo10.  I  also 
further  investigate  how  RTKs  may  be  involved  in  drug  resistance,  demonstrating  that  proteolytic 
shedding  of  RTKs  from  the  tumor  cell  surface  is  a  key  resistance  mechanism  when  the  MAPK 
signaling  pathway  is  targeted  (Miller  &  Oudin  et  al.,  2015  Cancer  Disc  in  press).  Finally,  in  Year  3,  I 
have  continued  to  investigate  the  role  of  Mena  isoforms  in  directed  cell  migration  and  drug  resistance 
in  breast  cancer. 
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Aim  1 :  Investigate  the  effects  of  MenaINV  expression  on  invasion  promoting  signaling 


Investigate  the  signaling  downstream  of  invasion  promoting  factors 

(Task  2) 

MenaINV  at  the  nexus  between  chemotaxis  and  haptotaxis 

Given  the  multitude  of  ECM  and  GF  cues  present  in  the  tumor  microenvironment,  tumor  cells  must 
integrate  multiple  extracellular  signals  to  coordinate  directional  invasive  responses.  MenaINV 
sensitizes  cells  to  low  GF  concentrations  via  dysregulation  of  phosphatase  signaling7.  Using  a 
microfluidic  device  in  vitro  and  an  implantable  device  in  vivo  to  generate  FN  gradients,  we  have 
shown  that  MenaINV  drives  haptotaxis  on  FN  gradients,  via  its  interaction  with  a5,  signaling  at  focal 
adhesions  and  ECM  remodeling.  Furthermore,  most  tumor  cell  motility  studies  focus  on  responses  to 
one  guidance  cue  at  a  time.  How  tumor  cells  integrate  combinations  of  ECM  and  growth  factor  (GF) 
cues,  known  to  be  simultaneously  present  in  the  tumor  microenvironment,  is  poorly  understood. 
Understanding  the  mechanisms  by  which  the  ECM  and  GF  cues  coordinately  drive  invasion  and 
metastatic  colonization  will  help  develop  prognostic  markers  to  predict  metastatic  risk  and  identify 
new  therapeutic  tractable  targets. 

Mena  and  MenaINV-driven  haptotaxis  at  concentrations  requires  EGFR  signaling 

Given  the  established  role  of  MenaINV  in  driving  growth  factor  sensitization8  and  driving 
haptotaxis  on  FN  gradients  and  the  emerging  role  of  RTKs  in  response  to  ECM  cues  \  we  asked 
whether  MenaINV-driven  haptotaxis  on  FN  gradients  requires  EGFR  signaling.  Cultured  breast  tumor 
cells  express  low  levels  of  Mena  and  undetectable  levels  of  MenaINV  relative  to  the  amounts  found 
within  primary  tumors  and  invasive  cells  collected  from  theses  tumors  4’9.  We  generated  cell  lines 
from  the  p53-mutant  triple  negative  breast  cancer  cell  line  MDA-MB-231  expression  levels  of  Mena 
and  MenaINV  similar  to  those  found  in  invasive  tumor  cells  (approximately  10-fold  overexpression, 
cells  referred  to  as  231 -Control,  231 -Mena  or  231-MenaINV).  Erlotinib,  an  EGFR-specific  kinase 
inhibitor,  blocked  Mena-driven  haptotaxis  at  all  concentrations  on  low  FN  gradients,  at  all 
concentrations  of  the  drug  tested  (Fig  1  A).  231  -MenaINV  cells  required  a  1 0-fold  higher  concentration 
of  Erlotinib  than  231 -Mena  cells  to  completely  block  haptotaxis  completely  (Fig  1A).  We  have 
previously  shown  that  expression  of  MenaINV  allows  cells  to  haptotax  at  high  FN  concentrations.  We 
found  that  Erlotinib  also  inhibited  MenaINV-haptotaxis  at  high  FN  concentrations  (Fig  1 B).  We  then 
investigated  whether  EGFR  activity  on  FN  gradients  was  driven  by  autocrine  activation  of  EGFR  or 
intracellular  transactivation  via  crosstalk.  Addition  of  mab225,  which  blocks  EGF-dependent  activation 
of  EGFR  but  not  its  intrinsic  kinase  activity12,  had  no  effect  on  haptotaxis,  suggesting  the  requirement 
for  EGFR  kinase  activity  revealed  by  sensitivity  to  erlotinib  was  not  dependent  on  autocrine  or 
paracrine  activation  of  EGFR  by  EGF  ligand  (Fig  1C,D).  Together,  these  data  suggest  MenaINV-driven 
haptotaxis  on  low  and  high  FN  gradients  requires  EGFR  signaling. 


FN-driven  growth  factor-independent  invasion  requires  EGFR  signaling 

To  investigate  this  further  in  a  3D  context,  we  examined  invasion  responses  in  3D  collagen 
gels  where  we  introduced  increasing  amounts  of  FN.  Briefly,  cells  are  plated  in  collagen  and  FN 
solutions,  the  plates  are  spun  down  so  cells  are  at  the  bottom,  and  the  gels  are  then  left  to 
polymerize,  and  cells  are  fixed  24hrs  later.  Invasion  up  into  the  gel  is  quantified  using  confocal 
imaging  and  a  custom-made  Matlab  code.  We  found  that  231  -Control  and  231  -Mena  cells  exhibited  a 
biphasic  response  to  FN,  with  FN  inducing  a  growth-factor  independent  invasion  response  in  this 
assay  at  50  pg/ml,  with  no  effect  at  the  higher  125  pg/ml  dose  (Fig  2A,B).  However,  these  high 
concentrations  of  FN  did  not  affect  invasion  of  231-MenaINV  cells,  who  were  still  able  to  migrate  in  the 
absence  of  growth  factor  at  this  high  dose.  In  fact,  a  concentration  of  250  pg  /ml  FN  was  needed  to 
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no  longer  promote  invasion  of  231-MenaINV  cells  (Fig  2C).  As  a  control,  increasing  volumes  of  PBS 
were  used  instead  of  FN,  and  we  found  that  addition  of  PBS  did  not  drive  invasion  into  collagen, 
confirming  the  effect  of  FN  on  this  process  (data  not  shown).  We  have  shown  that  MenaINV-driven 
haptotaxis  requires  the  direct  interaction  with  the  cytoplasmic  tail  of  a5  integrin,  mediated  by  the 
LERER  domain  of  the  protein  (REF).  The  pro-invasive  effect  of  FN  was  dependent  on  MenaINV’s 
interaction  with  a5,  as  231-  MenaINVALERER  cells  did  not  display  this  biphasic  response  to  FN  (Fig 
2D).  Inhibition  of  a5pi ,  with  the  blocking  antibody  PI  D6,  but  not  of  avp3  with  Cilengitide,  inhibited 
FN-driven  invasion  of  231-MenaINV  cells  (Fig  2E).  We  then  asked  if  EGFR  signaling  was  involved  in 
MenaINV-driven  invasion  into  FN,  and  found  that  Erlotinib  could  inhibit  invasion  of  231-MenaINV  cells  at 
all  FN  concentrations  (Fig  2F).  Together,  these  data  suggest  that  FN-driven  growth  factor- 
independent  3D  collagen  invasion  requires  both  a5pi  and  EGFR  signaling. 


MenaINV  expression  promotes  EGFR  signaling  on  FN 

These  results  prompted  us  to  ask  if  it  was  possible  that  the  ligand-independent  EGFR  kinase 
function  reflected  a5(31 -mediated  phosphorylation  of  EGFR.  We  quantified  levels  of  phosphorylation 
of  EGFR  at  Y1 173  in  haptotaxing  cells.  We  have  shown  that  231-MenaINV  cells  show  increased  levels 
of  phosphorylation  at  the  residue  when  stimulated  with  low  EGF  concentrations  8.  Using 
immunofluorescence,  we  quantified  pEGFRY1 173  levels  in  cells  plated  on  gradients  of  FN  of  different 
concentrations.  On  a  low  FN  gradient,  there  was  a  positive  significant  correlation  between  FN 
concentration  and  pEGFRY1 1 73  in  231  -Mena  and  231  -Mena™v  cells  but  not  in  MDA-MB-231  cells 
(Fig  3A-C).  This  correlation  was  absent  when  cells  were  treated  with  Erlotinib.  Flowever,  at  high 
concentration  of  FN,  only  231  -MenaINV  cells  showed  a  significant  correlation  between  pEGFR  Y1 1 73 
and  FN  (Fig  3D-F).  We  then  investigated  whether  the  MenaINV  expression  in  human  breast  cancer 
patients  was  associated  with  phosphorylation  of  EGFR,  using  the  TCGA  database  to  assess  Mena 
and  MenaINV  expression  levels  at  the  RNA  level,  and  the  available  Reverse  Phase  Protein  Assay 
(RPPA)  data,  available  for  a  subset  of  patients  in  the  cohort.  There  was  a  significant  correlation 
between  MenaINV,  but  not  Mena,  levels  and  pY1068,  but  not  pY1173  levels  in  in  human  breast 
patients  from  TCGA  with  available  RPPA  data  (Fig5G).  Interestingly,  in  patients  with  high  tumor  FN 
levels,  there  was  a  significant  correlation  between  MenaINV  and  pEGFR1 1 73  (Fig5H). 


MenaINV  promotes  synergy  between  EGF  and  FN 

So  far,  our  studies  have  focused  on  how  MenaINV  drives  directional  migration  in  response  to  growth 
factors  and  ECM  cues  separately.  However,  given  that  both  cues  are  present  simultaneously  within 
the  tumor  microenvironment,  we  investigated  how  cells  would  respond  to  both  cues  present  at  the 
same.  A  low  dose  chemotactic  EGF  gradient  (0.5  nM)  in  the  presence  of  25  pg/ml  FN  did  not  affect 
the  invasion  of  cells  expressing  231 -Control  or  231 -Mena  cells.  However,  in  231-MenaINV  cells,  the 
same  dose  of  EGF  in  the  presence  of  25  pg/ml  FN  had  a  significant  increase  on  3D  invasion,  which 
increased  compared  to  low  dose  EGF  on  its  own  without  FN  and  to  the  same  dose  of  FN  on  its  own 
without  EGF  (Fig  4A).  These  data  suggest  that  MenaINV  promotes  synergy  between  FN  and  EGF.  We 
then  investigated  the  role  of  the  Mena-a5  interaction  in  this  synergistic  response.  Interestingly, 
deletion  of  the  LERER  region  in  Mena  or  MenaINV  did  not  affect  the  protrusion  response  to  low  doses 
on  EGF  in  cells  plated  on  collagen  and  matrigel,  suggesting  that  acute  actin  polymerization  in 
response  to  growth  factor  stimulation  is  intact  in  the  absence  of  interaction  with  a5  (Fig  S5).  However, 
in  3D  in  the  presence  of  FN,  abrogating  the  interaction  between  MenaINV  and  a5pi  in  231  - 
MenaINVALERER  cells  (Fig4B)  or  inhibition  of  a5pi  with  the  P1D6  blocking  antibody  (Fig4C)  inhibited 
this  synergistic  effect.  To  test  this  effect  in  vivo,  we  used  the  in  vivo  invasion  assay,  which  allows  for 
chemotaxis  and  collection  of  cells  within  a  primary  tumors  into  needles  filled  with  growth  factors  and 
various  ECM  factors  13.  In  vivo,  we  were  able  to  show  that  the  combination  of  EGF  and  FN  attracted 


more  cells  from  MenaINV-GFP  tumors  that  each  cue  alone  (Fig  4D).  At  the  same  concentrations,  the 
combination  of  EGF  and  FN  did  not  have  a  synergistic  effect  on  invasion  in  the  Control-GFP  or  Mena- 
GFP  tumors.  Overall,  these  data  suggest  that  MenaINV  promotes  invasion  by  sensitizing  cells  to  both 
soluble  chemotactic  signals  and  substrate-bound  ECM  signals. 

Inhibition  of  PTP1B  phenocopies  Mena  expression  and  drives  haptotaxis 

It  is  now  well  established  that  MenaINV  expression  affects  sensitivity  to  various  growth  factors  known 
to  promote  invasion,  such  as  EGF,  FIGF  and  IGF,  by  dysregulating  the  phosphatase  PTP1 B  5’8.  We 
have  previously  shown  that  inhibition  of  PTP1B  (PTPIBi)  phenocopies  MenaINV,  leading  to  increased 
sensitivity  to  EGF  in  control  cells8.  Here,  we  find  that  inhibition  of  PTP1 B  can  drive  haptotaxis  of  wild- 
type  MDA-MB-231  cells  on  a  2D  FN  gradient  (Fig  5A).  This  pro-haptotactic  effect  was  dependent  on 
the  presence  of  Mena  in  cells,  as  MDA-MB-231  cells  where  Mena  expression  was  deleted  (231  - 
sgMena)  were  unable  to  haptotax  in  response  to  PTPIBi  (Fig  5B).  This  effect  also  requires  the 
interaction  between  Mena  and  a5,  as  cells  with  an  LERER  deletion  were  also  unable  to  haptotax  in 
the  presence  of  PTP1  Bi  (Fig  5C). 

To  further  investigate  the  mechanism  by  which  PTP1  Bi  was  driving  haptotaxis,  we  looked  at  the 
phosphorylation  level  of  Paxilin,  known  to  be  localized  at  focal  adhesions  and  play  a  role  in  motility. 
We  performed  immunofluorescence  studies  on  haptotaxing  cells  plated  on  a  2D  FN  gradient  for  3  hrs 
and  measured  the  number  of  pPAX  Y1 18  adhesions  in  cells  expressing  different  Mena  isoforms 
plated  on  a  2D  FN  gradient.  231-MenaINV  cells  that  haptotax  towards  high  FN  concentrations,  had  a 
significantly  increased  number  of  pPAX  -positive  adhesions(Fig  5D).  To  test  whether  the  effect  of  the 
PTP1 B  inhibitor  on  2D  haptotaxis  is  due  to  changes  in  phosphorylation  of  proteins  at  FAs,  we 
measured  the  number  of  pPAX  Y1 1 8  positive  adhesions  in  Control  cells  treated  with  the  PTP1  Binh 
and  found  that,  in  cells  pated  on  a  FN  gradient,  inhibition  of  PTP1 B  increased  the  number  of  pPAX 
Y1 18-positve  adhesions  in  Control-GFP  cells  (Fig  5D).  Finally,  we  wanted  to  confirm  that  MenaINV 
could  also  promote  FA  signaling  downstream  of  RTK  activation,  to  support  the  idea  that  MenaINV  acts 
downstream  of  both  growth  factor  and  FN  to  promote  motility.  We  have  shown  that  at  low  dose  EGF 
(0.25nM),  only  cells  expressing  MenaINV  respond  with  active  actin  polymerization  and  protrusion, 
while  cells  expressing  Mena  do  not  show  a  response8.  Here,  we  show  that  after  EGF  stimulation, 
231-MenaINV  have  increased  phosphorylation  of  Pax  at  residue  Y1 18  compared  to  cells  expressing 
Mena  (Fig  75E).  In  addition  treatment  with  a  PTP1 B  inh  significantly  increased  pPAX  Y1 1 8  in  Mena 
cells  to  similar  levels  as  those  see  in  cells  expressing  MenaINV  (Fig5E).  Overall,  these  data  suggest 
that  MenaINV  promotes  chemotactic  and  haptotactic  responses  to  EGF  and  FN  by  increases 
phosphorylation  of  FA  proteins,  via  dysregulation  of  the  phosphatase  PTP1 B. 

Our  previous  data  showed  that  to  haptotaxis  also  requires  ECM  reorganization.  We  asked  whether 
inhibition  of  PTP1B  and  therefore  increased  phosphorylation  of  Pax  was  enough  to  drive  haptotaxis  of 
wild-type  ceils  in  3D  and  on  high  FN  gradients.  Our  data  demonstrate  that  PTP1 B  is  not  sufficient  to 
drive  haptotaxis  at  high  FN  (Fig5F)  and  in  3D  (Fig5G).  Together,  these  data  show  that  while  focal 
adhesion  signaling  is  important  for  2D  haptotaxis,  it  is  not  sufficient  to  drive  haptotaxis  in  3D  or  at  high 
FN  concentrations. 


MenaINV-driven  haptotaxis,  ECM  reorganization  and  3D  invasion  requires  RCP-dependent 
recycling  of  a5(51  and  EGFR 

Another  way  that  EGFR  and  a5pi  crosstalk  can  contribute  to  invasion  is  via  their  co-trafficking  14. 
Indeed,  recent  work  has  shown  that  RCP-dependent  recycling  of  a5pi/EGFR  is  important  for  3D 
invasion  of  tumor  cells15.  We  measured  levels  of  recycling  of  both  a5pi  and  EGFR  in  MDA-MB-231 
cells  expressing  the  different  Mena  isoforms.  We  have  previously  reported  that  231-MenaINV  cells 
show  a  30%  increase  in  surface  a5  levels  ,  while  231  -Mena  and  231  -MenaINV  cells  show  similar 
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EGFR  levels,  and  these  levels  are  unaffected  by  deletion  of  the  LERER  regions  (data  not  shown).  We 
asked  whether  RCP-dependent  recycling  of  a5(31/EGFR  may  also  be  involved  in  3D  haptotaxis  15. 
Breast  cancer  patients  with  mutant-p53,  which  promotes  invasion  in  MDAMB231  cells  15  via 
increased  a5pi/EGFR  recycling,  showed  significantly  higher  levels  of  MenaINV  (Fig6A).  Knockdown  of 
p53  or  RCP  (Fig  6B-D),  which  has  previously  been  shown  to  block  3D  invasion  and  recycling  of 
a5|31/EGFR  ,  decreased  MenaINV-driven  haptotaxis  in  3D  (Fig5E,F).  Furthermore,  Knockdown  of  p53 
or  RCP  inhibited  MenaINV-driven  collagen  and  FN  reorganization  in  haptotaxing  cells  (Fig  6G,H). 
Altogether,  these  data  demonstrate  that  Mena-driven  haptotaxis  involves  EGFR  signaling,  and 
suggests  a  role  for  RCP-mediated  co-trafficking  of  a5pi/EGFR  complexes.  Menair™  cells  are  able  to 
haptotax  at  higher  concentrations  due  to  sustained  ligand-independent  activation  of  EGFR. 

Aim  2:  Investigating  the  role  of  Mena  isoforms  in  response  to  chemotherapy 

Triple-negative  breast  cancer  (TNBC),  defined  by  a  lack  of  expression  of  both  estrogen  and 
progesterone  receptor  as  well  as  low  levels  of  human  epidermal  growth  factor  receptor  2  (FIER2, 
)accounts  for  15%  of  breast  tumors16.  Due  to  the  lack  of  known  specific  therapeutic  targets, 
conventional  cytotoxic  chemotherapy  remains  the  only  treatment  guideline  for  these  patients. 
Platinum  agents,  taxanes  and  anthracyclines  are  used  in  mono-  or  poly-chemotherapy  as  front  line 
treatment  or  in  adjuvant  therapy  to  prevent  metastases  17.  Chemotherapy  targets  proliferating  cells 
present  in  the  tumor,  and  induces  cell  death  in  these  cells  via  different  mechanisms.  Platinum  drugs, 
such  as  Cisplatin,  are  alkylating  agents,  that  generate  crosslinks  in  the  DNA,  blocking  DNA  synthesis 
18.  Anthracyclines  such  as  Doxorubicin  induce  DNA-damage  by  causing  DNA  double  strand  breaks, 
by  intercalating  in  the  DNA  and  inhibiting  topoisomerase  II  leading  to  double  strands  break  19. 
Taxanes,  such  as  Taxol,  lead  to  mitotic  catastrophe  by  stabilizing  microtubules  and  inhibiting  their 
disassembly  during  metaphase  20.  This  damags  induces  intracellular  stress  signals  leading  to 
activation  of  cell  death  pathways  21 . 

Although  patients  in  the  TNBC  subgroup  show  decreased  survival  rates  compared  with  non- 
TNBC,  the  benefits  of  chemotherapy  for  TNBC  have  now  been  clearly  demonstrated  in  multiple 
studies.  The  poor  overall  survival  is  due  to  the  fact  that  over  50%  of  TNBC  patients  become  resistant 
to  chemotherapy  22.  A  number  of  cellular  processes  have  been  identified  that  can  drive  tumor  cell 
resistance  to  Cisplatin,  Doxorubicin  and  Taxol.  Cell  intrinsic  mechanisms  of  resistance  include 
intracellular  modifications  such  as  changes  in  expression  of  the  adenosine  triphosphate-binding 
cassette  (ABC)  superfamily  of  transporters,  alteration  in  DNA  repair  pathways,  mutations  in  cellular 
targets,  resistance  to  initiation  of  the  apoptotic  pathway  and  the  development  of  constitutively 
activated  pro-survival  signaling  pathways  23.  In  addition,  the  tumor  microenvironment  can  also  initiate 
survival  signals  and  protect  tumor  cells  from  chemotherapy-induced  cell  death  24 


Figure  1 :  Mechanisms  of  chemoresistance  in  TNBC 
(A)  ABC  transporters  efflux  chemotherapeutics  out 
of  cancer  cells  (B)  Modifications  in  the  drug’s  cellular 
target  (C)  Impair  in  DNA  damage  sensor  induced 
apoptosis  (D)  Constitutive  activation  of  pro-survival 
pathway  (E)  Alterations  in  genes  involved  in 
apoptosis  prevent  chemotherapy-induced  apoptosis 
(F)  Activation  of  tumor  microenvironment-driven 
extrinsic  survival  signals 


Given  the  role  of  Mena  isoforms  in  driving  metastasis,  we  were  now  interested  in  elucidating  their 
potential  role  in  response  to  chemotherapy  in  TNBC. 


R 


Mena  isoforms  are  associated  with  increased  survival  during  Taxol  treatment  in  vitro 

We  first  studied  the  role  of  Mena  isoforms  in  cell  survival  in  response  to  chemotherapy  in  vitro.  To 
study  the  role  of  each  Mena  isoform  independently  we  used  a  triple-negative  breast  adenocarcinoma 
cell  line  (MDA-MB-231)  which  expresses  low  levels  of  Mena  and  an  undetectable  levels  of  MenaINV  in 
vitro  25,  stably  expressing  GFP,  GFP-tagged  Mena  or  MenaINV.  Cells  overexpressing  a  single  Mena 
isoform  or  a  GFP-control  were  plated  in  96-well  plates  and  treated  with  Doxorubicin  or  Taxol  at 
concentrations  ranging  from  0.1  nM  to  100  pM  or  Cisplatin  at  concentration  ranging  from  1  nM  to  100 
nM  during  24h  or  72h.  We  observed  that  the  fraction  of  viable  MDA-MB-231  GFP-Mena  (Mena)  or 
MDA-MB-231  GFP-MenaINV  (MenaINV)  was  at  least  65%  higher  than  the  fraction  of  viable  MDA-MB- 
231  GFP  (Control)  cells,  after  72h  (Fig7A)  or  24h  (data  not  shown)  of  Taxol  treatment  at  1 00  nM,  1  pm 
or  lOpM.  However,  Mena  or  MenaINV  expression  did  not  affect  response  to  the  different 
concentrations  of  Doxorubicin  or  Cisplatin  (Fig  7B,C).  These  experiments  revealed  that  cell  death  in 
the  presence  of  high  Taxol  concentrations  is  decreased  with  ectopic  expression  of  Mena  or  MenaINV. 

As  the  first  experiments  relied  on  overexpression  in  a  single  cell  line,  we  wanted  to  test 
whether  the  observations  held  true  in  other  breast  cancer  cell  lines,  by  looking  at  endogenous  Mena 
expression.  We  therefore  measured  Taxol  efficacy  and  quantified  levels  of  endogenous  Mena  protein 
expression  across  several  human  breast  cancer  types,  including  Luminal  A  (MDA-MB  1 751 IV  and 
T47D),  HER2  positive  (MDA-MD  453)  and  TNBC  (SUM  159,  BT-20,  MDA-MB  436,  LM2,  BT-549, 
MDA-MB  231)  cell  lines.  We  restricted  our  analysis  to  Mena,  as  MenaINV  is  not  expressed  at 
detectable  levels  in  any  of  these  breast  cancer  cell  lines  in  culture.  Taxol  efficacy  was  assayed  by 
determining  the  fraction  of  viable  cells  in  response  to  different  concentrations  of  Taxol  (Fig  7D). 
Levels  of  endogenous  Mena  protein  expression  in  the  9  human  breast  cancer  cell  lines  was 
measured  by  Western  Blot  analysis  (Fig  7E).  There  was  a  highly  significant  anti-correlation  between 
Taxol  efficacy  and  endogenous  Mena  expression  levels  (Fig  7F).  Together,  these  data  suggest  that 
Mena  isoforms  may  be  involved  in  resistance  to  Taxol. 

Mena  isoform  expression  is  associated  with  increased  tumor  growth  in  vivo 

We  then  wanted  to  investigate  whether  these  pheonyptes  would  hold  true  in  vivo.  Xenograft 
tumors  were  generated  by  injecting  MDA-MB-231  cells  expressing  GFP  (Control),  GFP-Mena  (Mena) 
or  GFP-MenaINV  (Mena1^)  into  the  mammary  fat  pad  of  NOD-SCID  mice.  Mice  were  treated  with 
three  doses  of  Taxol  or  two  of  Doxorubicin,  once  the  primary  tumor  had  reached  1  cm  in  diameter. 
Tumor  size  was  measured  before  and  after  treatment.  Treatment  with  the  both  drugs  significantly 
decreased  growth  of  Control  tumors  compared  to  mice  treated  with  vehicle  (Fig  8A,D).  However,  the 
growth  of  Mena  or  MenaINV  tumors  was  unaffected  by  the  drug  treatment(Fig  8A,D).  This  in  vivo 
experiment  confirmed  results  obtained  in  the  in  vitro  screen  and  support  the  potential  role  of  Mena 
and  MenaINV  in  resistance  to  Taxol.  Whereas  the  in  vitro  screen  did  not  reveal  any  role  of  Mena  or 
MenaINV  in  cell  response  to  Doxorubicin,  tumors  expressing  these  isoforms  showed  decreased 
response  to  Doxorubicin  in  vivo. 

We  investigated  whether  this  increased  tumor  size  was  due  to  increased  levels  of  proliferation  of 
decreased  levels  of  cell  death.  We  stained  tumor  sections  from  these  tumors  with  the  proliferation 
marker  Ki67,  as  well  as  the  apoptotic  marker  Cleaved  Caspase  3.  We  find  that  Taxol  treatment  did 
not  affect  proliferation  in  Mena  or  MenaINV-expressing  tumors  (Fig  8B,EL  but  did  increase  cell  death 
(Fig  8C,F).  These  data  suggest  that  tumors  expressing  Mena  or  Mena'^v  are  still  able  to  proliferate 
during  Taxol  treatment. 

Taxol  treatment  selects  for  high  Mena  expression  in  vitro  and  in  vivo 
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Previous  results  have  shown  that  a  high  level  of  Mena  or  MenaINV  expression  is  associated 
with  a  low  response  to  Taxol.  However,  we  hypothesized  that  Taxol  treatment  might  also  affect  the 
level  of  Mena  expression.  We  analyzed  Mena  expression  by  Western  Blot  in  MDA-MB  231  GFP  cells 
exposed  to  lOOnM  of  Taxol  or  vehicle.  After  24h,  there  was  no  significant  increase  expression  of 
Mena  in  lysate  from  Taxol-treated  cells  compared  to  vehicle  (Fig  9A,B).  72h  after  Taxol  treatment,  the 
expression  level  of  Mena  was  70%  higher  than  in  vehicle-treated  cells.  We  performed  a  similar 
expression  of  GFP-tagged  Mena  expressing  cell  lines.  FACS  analysis  reveals  that  treatment  with 
Taxol  selects  for  high  GFP-expressing  cells  for  Mena  and  MenaINV  cells  (Fig  9C).  Finally, 
immunohistochemical  analysis  of  tissue  sections  from  Control  tumors  confirmed  an  increase  in 
expression  of  not  only  Mena,  but  also  MenaINVin  tumors  from  the  Taxol-treated  mice  compared  to 
vehicle.  Two  hypotheses  could  explain  this  increase:  cells  expressing  a  high  level  of  Mena  or  MenaINV 
are  selected  for  by  the  treatment  with  Taxol,  or  surviving  cells  overexpress  Mena  in  response  to  Taxol 
(Fig  9D,E). 


Taxol  treatment  decreases  cell  velocity  in  vitro,  but  does  not  affect  MenaINV-driven  tumor  cell 
motility  and  dissemination  in  mice. 

Mena  and  MenaINV  have  been  shown  to  be  involved  in  tumor  cell  motility26,27.  Mena,  and  more 
strikingly  MenaINV  expression,  increases  the  number  of  cells  moving  in  a  tumor  as  visualized  by 
intravital  imaging  and  promotes  metastasis  formation  5.  Therefore,  we  were  interested  in  studying 
effect  of  Taxol  on  tumor  cell  motility  and  dissemination.  Control,  Mena  and  MenaINV  cells  treated  with 
low  concentrations  of  Taxol  or  vehicle  were  plated  on  glass-bottom  dishes  coated  with  Collagen  or 
Collagen  and  FN  and  tracked  overnight.  Taxol  treatment  decreased  velocity  of  the  three  cell  lines 
(Fig.6B)  without  affect  cell  spreading  (data  not  shown).  The  effect  of  Taxol  on  cell  motility  in  vivo  was 
assessed  using  multiphon  intravital  imaging.  Treatment  with  Taxol  significantly  reduced  the  number  of 
cells  moving  in  Control  tumors.  On  the  contrary,  motility  of  MenaINMumor  cells  was  not  affected  by 
the  treatment  (Fig  6B).  To  investigate  the  consequences  of  Taxol  treatment  on  tumor  cell 
dissemination,  we  counted  the  number  of  metastases  in  the  lung  and  the  number  of  colonies  in 
cultured  bone  morrow  from  mice  bearing  Control,  Mena  or  MenaINMumor  for  12  weeks.  The  number 
metastases  in  the  lung  or  colonies  in  the  bone  morrow  from  MenaINV  tumors  was  not  affected  by 
treatment  with  Taxol.  Even  though  low  concentration  of  Taxol  decreased  MenaINV-driven  cell  motility 
in  vitro ,  motility  and  dissemination  of  this  cell  line  was  unaffected  in  mice  treated  with  Taxol. 

Investigation  into  the  mechanisms  driving  Mena-  and  MenaINV-induced  resistance  to  Taxol 

We  were  next  interested  in  understanding  the  mechanism  by  which  Mena  and  MenaINV  drive 
resistance  to  Taxol.  Taxol  efflux  through  the  MDR1  pump  is  one  of  the  main  and  most  well  described 
mechanisms  of  Taxol  resistance.  We  used  a  third-generation  MDR1  inhibitor,  HM30181,  to 
investigate  the  role  of  this  pump  in  our  model28.  HM30181  did  not  affect  the  proliferation  of  Control 
and  MenaINV  cells  (data  not  shown).  Co-treatment  with  HM30181  and  lOOnM  of  Taxol  negligibly 
affected  the  fraction  of  viable  Control  cells  and  did  not  increase  Taxol  efficacy  in  MenaINV  cells  (Fig 
11  A).  These  data  suggest  that  drug  efflux  does  not  play  an  important  role  in  MenaINV-driven 
resistance  to  Taxol.  Recent  studies  have  highlighted  the  role  of  focal  adhesions  and  FAK  signaling  in 
resistance  to  Taxol  29.  Mena  interacts  with  a5  via  its  LERER  domain  and  localizes  at  the  focal 
adhesions.  Deletion  of  the  LERER  region  abolishes  the  interaction  between  Mena  and  a5,  resulting  in 
a  decrease  in  Mena  and  a5  localization  at  focal  adhesion  and  in  the  level  of  FAK  phosphorylation  26. 
Cells  with  deletions  of  LERER  in  Mena  and  MenaINV  were  treated  with  lOOnM  of  Taxol  (Fig  1 1 B)  and 
were  found  to  behave  the  same  as  cells  expressing  a  full  length  version  of  Mena  and  MenaINV.  These 
data  suggest  that  the  interaction  between  Mena  and  a5,  does  not  drive  resistance  to  Taxol.  Finally, 
one  of  the  key  steps  in  Taxol-induced  cell  death  is  cell  arrest  in  G2/M.  We  performed  cell  cycle 


analysis  on  Control,  Mena  and  MenaINV cells  treated  with  10nM  or  lOOnM  of  Taxol  for  16h  (FigllC). 
Similar  percentage  of  Control,  Mena  and  MenaINV  cells  blocked  in  G2/M  phase  were  found  for  the 
different  treatments.  Moreover,  the  amount  of  cells  blocked  in  G2/M  phase  seemed  dose-dependent. 
Therefore,  Mena  or  MenaINV  expression  does  not  impair  Taxol-induced  arrest  in  G2/M. 


Key  research  accomplishments 

-  FN-driven  haptotaxis  requires  crosstalk  between  RTKs  and  integrins  and  recycling  of  RTKs 
and  integrins  (Task  2) 

-  Inhibition  of  PTP1 B  can  drive  haptotaxis  of  breast  tumor  cells,  but  only  on  low  FN  gradients, 
not  on  high  FN  gradients  or  in  3D  (Task  2) 

-  Mena  isoform  expression  is  associated  with  resistance  to  Taxol,  but  not  Doxorubicin  or 
Cisplatin  in  vitro 

-  Mena  isoform  expression  is  associated  with  resistance  to  Taxol  and  Doxorubicin  in  vivo,  via 
increased  cell  proliferation 

-  Treatment  with  Taxol  does  not  decreases  MenaINV-driven  migration  or  metastasis,  but  does 
inhibit  haptotaxis,  in  vitro  and  in  vivo 

-  Taxol  treatment  selects  for  cells  expressing  high  levels  of  Mena,  in  vitro  and  in  vivo 

-  Mena  isoform  driven  resistance  to  Taxol  is  not  due  to  increased  efflux  through  MDR1 , 
signaling  at  focal  adhesions  via  a5,  or  increased  G2/M  arrest. 
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•  Active  volunteer  for  scientific  community  outreach  events  (Cambridge  Science  Festival, 
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at  MIT  by  the  Graduate  School  of  Education 

•  Member  of  the  Committee  for  Community  Life  of  the  Koch  Institute  and  3rd  floor  meeting  co¬ 
organizer 
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Conclusions 


The  third  year  of  my  fellowship  was  a  fruitful  one,  with  most  of  my  projects  undertaken  throughout  this 
fellowship  coming  to  completion,  resulting  in  4  first  author  publications  accepted  between  September 
2015  and  January  2016.  Two  of  these  publications  focused  on  identifying  novel  mechanisms  of 
MenaINV-driven  metastasis,  mainly  chemotaxis  and  haptotaxis,  while  another  focused  on  the 
characterization  of  a  novel  isoform  specific  antibody  for  MenaiNV  used  to  describe  the  localization  and 
expression  of  this  isoform  in  breast  cancer  tumors.  The  fourth  publication  focused  on  proteolytic 
shedding  as  a  novel  mechanism  of  drug  resistance  in  breast  cancer. 

In  my  third  year,  I  also  started  working  on  two  novel  aspects  of  MenaINV-driven  metastasis:  the 
relationship  between  chemotaxis  and  haptotaxis  and  the  role  of  Mena  isoforms  in  chemoresistance. 
Given  that  I  have  published  two  stories  separately  investigating  how  MenaINV  increases  sensitivity  to 
soluble  chemotactic  cues  as  well  as  substrate-bound  haptotactic,  it  was  only  logical  for  me  investigate 
how  these  two  cues  together  affected  migration.  I  found  that  MenaINV  promotes  synergy  between 
EGF  and  FN,  regulating  crosstalk  between  these  two  signaling  pathways  to  promote  hyper-invasive 
phenotypes.  This  story  brings  up  many  questions  I  hope  to  follow  up  in  my  own  lab,  with  regards  to 
how  multiple  cues  simultaneously  present  within  the  tumor  microenvironment  can  drive  local  invasion. 

After  working  on  resistance  to  targeted  therapies,  I  became  more  broadly  interested  in  mechanisms 
of  resistance,  particularly  with  regards  to  chemotherapy,  which  is  the  only  treatment  for  metastatic 
triple  negative  breast  cancer.  My  data  gathered  so  far  show  that  Mena  isoforms  play  a  role  in 
resistance  to  Taxol,  both  in  vitro  and  in  vivo.  I  am  currently  investigating  the  mechanism  by  which  this 
happens,  and  hope  to  submit  a  manuscript  on  this  later  this  year. 

Finally,  I  have  continued  to  grow  as  a  scientist.  In  addition  to  attending  scientific  conferences  and 
career  development  workshops,  I  was  able  to  develop  my  mentoring  skills,  managing  a  team  of  three 
(two  masters  students  and  a  technician)  and  experiencing  what  it  would  be  like  to  run  my  own  lab. 
Overall,  this  fellowship  has  provided  me  with  amazing  opportunities-  to  develop  and  mature  as  a 
cancer  researcher,  broaden  my  horizons  and  initiate  novel  collaborations  with  engineers  and 
clinicians,  attend  conferences,  share  my  research  and  network  with  members  of  community,  as  well 
as  gain  the  confidence  I  needed  to  move  on  in  my  academic  career.  I  have  now  applied  for  a 
K99/R00  Transition  to  Independence  grant  from  the  NCI. 
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Figure  1:  Mena/MenaINV-driven  FN  haptotaxis  requires  crosstalk  between  EGFR.  A)  Inhibition  of 
EGFR  with  different  concentrations  of  Erlotinib  decreased  Mena-  and  MenaINV-driven  haptotaxis  on  a 
2D  125pg/ml  low  FN  gradient.  B)  Inhibition  of  EGFR  with  different  concentrations  of  Erlotinib 
decreased  MenaINV-driven  haptotaxis  on  a  2D  500  pg/ml  FN  gradient.  C)  Velocity  (pm/min)  of  231, 
231-Mena  and  231-MenaINV  cells  when  treated  with  increasing  concentrations  of  Erlotinib  on  a  high 
FN  gradient.  D)  FMI  of  MDAMB231  and  231-MenaINV  cells  migrating  on  2D  low  with  an  IgG  control  of 
mAB225.  Data  pooled  from  at  least  50  cells  pooled  from  3  different  experiments.  Results  show  mean 
±  SEM,  significance  by  one  way  ANOVA,  *p<0.5,  **p<0.01 ,  ***p<0.005.  See  FigSI . 
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Figure  2:  The  interaction  between  MenaINV  and  a5  is  important  for  FN-driven  growth-factor 
independent  invasion.  In  vitro  chemotaxis  assay  in  a  3D  collagen  gel  with  increasing  concentrations 
of  FN  (0,  25,  50,  125,  175,  250  gg/ml)  231 -Control  (A),  231-Mena  (B)  and  231-MenaINV  (C)  treated 
with  serum-free  media  for  24h.  The  proportion  of  cells  migrating  20  pm  above  baseline  was 
quantified.  (D)  231-MenaINVALERER  cells  did  not  respond  to  the  increasing  FN  concentration  in  the 
gels.  (E)  Inhibition  of  a5  with  P1D6,  but  not  av  with  Cilengitide,  inhibited  the  MenaINV-driven  pro 
invasive  effect  in  response  to  increasing  FN  concentrations.  (F)  Treatment  with  Erlotinib  (0.1  or  IpM) 
decreased  the  ligand  independent  effect  of  FN  on  3D  invasion  in231-MenaINV  cells.  Results  show 
mean  ±  SEM,  results  pooled  from  at  least  5  different  experiments,  significance  determined  by  one 
way  ANOVA,  *  p<0.5,  **  p<0.01 ,  ***  0.005. 
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Figure  3:  MenaINV  drives  EGFR  signaling  on  FN 

Correlation  between  pEGFR1173  in  whole  cell  relative  to  cell  area  and  FN  concentration  under  the 
cell  in  cells  plated  on  a  low  125pg/ml  for  MDA-MB-231  ceils  (A),  231-Mena  (B)  and  231-MenaINV  cells 
(C).  Correlation  between  pEGFR1173  in  whole  cell  relative  to  cell  area  and  FN  concentration  under 
the  ceil  in  cells  plated  on  a  low  125pg/ml  for  MDA-MB-231  cells  (D),  231-Mena  (E)  and  231-MenaINV 
cells  (F).  Data  from  at  least  15  cells  per  cell  line  pooled  from  3  different  experiments.  G)  Table 
showing  correlations  (R  by  Spearman  and  p-value)  between  Mena  or  MenaiNV  and  pEGFR1173  or 
pEGFR1068  from  the  RPPA  data  in  the  TCGA  breast  cancer  cohort.  FI)  Table  showing  correlations 
(R  by  Spearman  and  p-value)  between  Mena  or  MenaINV  and  pEGFR1173  or  pEGFR1068  from  the 
RPPA  data  in  the  TCGA  breast  cancer  cohort  in  patients  with  high  or  low  FN. 
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Figure  4:  MenaINV  promotes  synergy  between  FN  and  EGF 

(A)  In  vitro  chemotaxis  assay  in  a  3D  collagen  gel  with  either  EGF  (0.5nM),  FN  (25  gg/ml)  or  both,  for 
231 -Control,  231-Mena  and  231-MenaINV  cells.  The  proportion  of  cells  migrating  20  pm  above 
baseline  was  quantified.  Deletion  of  LERER  (B)  or  inhibition  of  a5  (C)  abrogated  the  synergy  between 
EGF  and  FN.  D)  In  vivo  invasion  assay  in  tumors  generated  in  NOD/SCID  mice  with  MDA-MB-231 
cells  expressing  Control-GFP,  Mena  or  MenaINV.  Needles  contain  1  mg/ml  collagen  and  increasing 
amounts  of  FN  or  EGF  (n=4  mice  per  condition).  Results  show  mean  ±  SEM,  significance  determined 
by  one  way  ANOVA,  *  p<0.5,  **  p<0.01 ,  ***  0.005. 
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Figure  5:  Inhibition  of  PTP1B  phenocopies  MenaINV 

FMI  for  MDA-MB-231,  231-Mena  and  231-MenaINV  cells  (B),  MDA-MB-231  cells  with  sgControl  of 
sgMena  (B)  or  231  -MenaALERER  and  231  -MenaINVALERER  cells  (C)  plated  on  a  2D  low  FN  gradient 
in  the  presence  of  PTIBi  (10pM).  D)  231-MenaINV  cells  plated  on  a  2D  FN  gradient  showed  an 
increase  in  number  of  Paxilin  pY118-  positive  adhesions  relative  to  MDA-MB-231  cells.  Inhibition  of 
PTP1 B  significantly  increased  the  number  of  Paxilin  pYl  1 8-  positive  adhesions  in  MDA-MB-231  cells. 
(E)  Stimulation  with  EGF  (0.25nM  for  Imin)  in  increased  phosphorylation  of  Paxilin  at  Y118  in  Mena- 
positive  adhesions  in  MDA-MB-231  cells  expressing  MenaINV  but  not  Mena.  F)  FMI  for  MDA-MB-231, 
231-Mena  and  231-MenaINV  cells  plated  on  a  2D  high  FN  gradient  in  the  presence  of  PTIBi  (lOpM). 
(G)  FMI  for  MDA-MB-231,  231-Mena  and  231-MenaINV  cells  plated  in  a  3D  low  FN  gradient  in  the 
presence  of  PTIBi  (10pM).  Results  show  mean  ±  SEM,  significance  determined  by  one  way  ANOVA, 
*  p<0.5,  **  p<0.01 ,  ***  0.005. 
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Figure  6:  RCP-driven  recycling  of  EGFR  and  a5(51  is  important  for  haptotaxis  and  ECM 
reorganization.  A)  RPKM  values  for  MenaINV  in  TCGA  breast  cancer  patients  high  WT  or  mutant 
p53.  B)  Western  Blot  showing  knockdown  levels  of  p53  and  RCP  in  each  cell  line.  Quantification  of 
WBs  showing  in  B  for  siRCP  (C)  and  sip53  (D).  Knockdown  of  p53  and  RCP  inhibits  MenaINV-driven 
3D  haptotaxis,  while  also  affecting  velocity  (E,F).  Knockdown  of  p53  and  RCP  inhibited  FN  (G)  and 
collagen  (H)  reorganization.  Results  show  mean  ±  SEM,  significance  by  one  way  ANOVA,  *p<0.5, 
**p<0.01,  ***p<0.005.  See  FigS6. 
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Figure  7:  Expression  of  Mena  isoforms  is  associated  with  Taxol  resistance  Cell  viability  was 
assessed  in  MDA-MB  231  cells  expressing  GFP,  GFP-Mena  or  GFP-MenaINVin  96-well  plates. 
Graphs  show  fraction  of  viable  cells  after  72h  of  treatment  with  Taxol  (A)  Doxorubicin  (B)  or  Cisplatin 
(C)  determined  using  Prestoblue  assay.  The  cell  viability  is  expressed  as  a  fraction  relative  to 
untreated  cells.  The  IC5o  values  were  calculated  from  dose-response  plots  using  non-linear 
(sigmoidal)  regression  analysis.  Data  presented  as  meant  SEM  for  three  independent  experiments, 
each  performed  in  duplicate.  Statistics  determined  by  unpaired  t-test  with  Welch's  correction,  where 
***  p<0.001 ,  **  p<0.01 ,  *  p<0.05.  (D)  Representative  western  blot  of  lysate  prepared  from  the  panel  of 
breast  cancer  cell  lines,  probed  with  anti-Mena  and  anti-Tubulin  antibodies.  (E)  Cell  viability  was 
assessed  in  MDA-MB  175IIV  and  T47D  (Luminal  A),  MDA-MB  453  (HER2+),  MDA-MB  436,  BT-549, 
LM2,  SUM159,  MDA-MB  231  and  BT-20  (TNBC).  Graphs  show  dose  response  curve,  data  presented 
as  mean  for  three  independent  experiments,  each  performed  in  duplicate.  (F)  Linear  regression  of 
Mena  protein  expression  obtained  by  Western  Blot  and  Taxol  efficacy,  here  defined  as  the  inverse  of 
its  area  activity  calculated  from  the  dose-response  curves.  Each  data  point  represents  the  mean  of 
triplicate  experiments  for  the  Mena  protein  expression  and  the  mean  for  three  independent 
experiments,  each  performed  in  duplicate  for  the  Taxol  efficacy. 


74 


Vehicle _ Taxol 


DAPI 


Figure  8:  In  vivo,  Mena  or  MenaINV  expression  weakened  Taxol  and  Doxorubicin  action  on 
tumor  growth.  (A)  Tumor  were  generated  by  injection  of  231 -GFP,  231 -Mena  or  231-MenaINV  cells  in 
the  mammary  fat  pad  of  NOD  SCID  mice.  When  they  reached  1cm  in  diameter,  mice  were  treated 
with  Taxol  three  time  or  Doxorubicin  twice  every  5  days.  Tumor  volume  was  measured  before  and 
after  treatment.  Relative  change  in  tumor  volume  after  treatment  with  Taxol  (B)  or  Doxorubicin  (C)  of 
tumors  expressing  the  different  GFP-tagged  Mena  isoforms.  Growth  of  tumors  expressing  Mena  or 
MenaINV  is  not  affected  by  the  treatment  with  chemotherapies.  Data  presented  as  meant  SEM  for  at 
least  9  mice  in  each  group.  Statistics  determined  by  unpaired  t-test,  where  ***  p<0.001 ,  **  p<0.01 ,  * 
p<0.05. 
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Figure  9:  Taxol  treatment  selects  for  high  Mena  expression  in  vitro  and  in  vivo 

(A)  Representative  western  blot  of  whole  cell  lysates  prepared  from  231 -GFP  cells  treated  with 
lOOnM  of  Taxol  or  DMSO  as  vehicle  for  6,  24  or  72  hours  and  probed  with  anti-Mena  and  anti-Tubulin 
antibodies.  (B)  Percentage  increase  in  Mena  protein  expression  after  Taxol  treatment,  here  defined 
as  the  difference  between  Mena  protein  expression  in  cells  treated  with  Taxol  and  in  cells  treated  with 
DMSO  relative  to  Mena  protein  expression  in  cells  treated  with  DMSO.  (*Mena  protein  expression  is 
significantly  higher  in  cells  treated  with  Taxol  than  DMSO  treated  cells,  *p<0,05  by  paired  t  test). 

Data  presented  as  meant  SEM  for  two  independent  experiments,  each  western  blot  performed  in 
duplicate.  (C)  FACS  analysis  of  GFP  expression  levels  of  GFP,  GFP-Mena  or  GFP-MenaINV 
expressing  MDA-MB-231  cells  and  treated  with  Taxol.  (D)  Representative  images  of  FFPE  section 
from  231  -GFP  tumor  grown  in  mice  treated  with  Taxol  or  with  vehicle  and  stained  for  Mena  (green), 
MenaINV  (red)  and  DAPI  (blue).  Scale  bar  =  200pm.  (E)  Mean  of  Mena  fluorescence  signal  intensity. 
Data  presented  as  meant  SEM  for  10  fields  of  view  per  tumor,  from  3  different  mice.  Statistics 
determined  by  unpaired  t-test,  where  *  p<0.05. 
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Figure  10:  Taxol  treatment  decreases  cell  velocity  in  vitro  but  do  not  affect  MenaINV-driven 
tumor  cell  motility  and  dissemination  in  mice.  (A)  Velocity  of  Control,  Mena  and  MenaINV  cells 
plated  on  glass  bottom  dishes  coated  with  Collagen  (0.1  mg/ml)  and  FN  (50  pg/ml),  and  treated  with 
different  concentrations  of  Taxol.  Data  presented  as  meant  SEM  for  at  least  50  cells  tracked  in  two 
independent  experiments.  (B)  FMI  of  Control  and  MenaINV  cells  on  a  low  concentration  2D  FN 
gradient,  and  treated  with  increasing  concentrations  of  Taxol.  (C)  Quantification  of  motile  cells  by 
multiphoton  intravital  imaging  in  tumors  expressing  MenaINV  or  Control  Tumors  grown  in  mice  treated 
with  Taxol  or  vehicle.  Data  presented  as  meant  SEM.  (D)  In  vivo  haptotaxis  assay  with  implanted 
devices  relasing  fluoresecntly-labeled  FN.  Taxol  treatment  inhibted  in  vivo  haptotaxis  as  measured  by 
the  FMI.  (E)  Number  of  metastases  in  lung  of  mice  bearing  control  tumors  or  expressing  Mena  or 
MenaINV  1 2  weeks  after  injection.  (F)  Number  of  disseminated  tumor  cells  corresponding  to  the 
number  of  colonies  in  cultured  bone  marrow  collected  from  mice  bearing  control  tumor  or  expressing 
Mena  or  MenaINV  12  weeks  after  injection.  Data  presented  as  meant  SEM  for  3  mice  per  group. 
Statistics  determined  by  unpaired  t-test,  where  ***  p<0.001 ,  **  p<0.01 ,  *  p<0.05. 


77 


A 


B 


Taxol  lOOnM 


Ml  Taxol  lOOnM  BSH  Taxol  1  OOnM  +  MDR 1  inhibitor 


0.8- 


0.0- 


ns 


ALERER  ALERER 


■  G1/G0 

□  S 

□  G2/M 


Figure  11:  Potential  mechanisms  for  Mena  isoform-driven  resistance  to  Taxol  (A)  Fraction  of 
viable  cells  of  Control  or  MenaINV  cells  treated  during  72h  by  Taxol  with  or  without  MDR1  inhibitor 
(HM301 81 ).  Data  presented  as  meant  SEM  for  three  independent  experiments,  each  performed  in 
duplicate.  (B)  Fraction  of  viable  cells  after  72h  of  treatment  with  lOOnM  of  Taxol  of  231  cells 
expressing  Mena,  MenaINV,  MenaALERER  or  MenaINVALERER.  Data  presented  as  meant  SEM  for 
two  independent  experiments,  each  performed  in  duplicate  (C)  Cell  cycle  analysis  of  Control,  Mena 
and  MenaINV  cells  treated  with  1 0nM  or  1 0OnM  of  Taxol  during  1 6  hours.  Data  presented  as  meant 
SEM  of  two  independent  experiments.  Statistics  determined  by  unpaired  t-test,  where  ***  p<0.001 . 
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Foxa2  and  Cdx2  cooperate  with  Nkx2-1 
to  inhibit  lung  adenocarcinoma  metastasis 
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Despite  the  fact  that  the  majority  of  lung  cancer  deaths  are  due  to  metastasis,  the  molecular  mechanisms  driving 
metastatic  progression  are  poorly  understood.  Here,  we  present  evidence  that  loss  of  Foxa2  and  Cdx2  synergizes  with 
loss  of  Nkx2-1  to  fully  activate  the  metastatic  program.  These  three  lineage-specific  transcription  factors  are  con¬ 
sistently  down-regulated  in  metastatic  cells  compared  with  nonmetastatic  cells.  Knockdown  of  these  three  factors 
acts  synergistically  and  is  sufficient  to  promote  the  metastatic  potential  of  nonmetastatic  cells  to  that  of  naturally 
arising  metastatic  cells  in  vivo.  Furthermore,  silencing  of  these  three  transcription  factors  is  sufficient  to  account  for 
a  significant  fraction  of  the  gene  expression  differences  between  the  nonmetastatic  and  metastatic  states  in  lung 
adenocarcinoma,  including  up-regulated  expression  of  the  invadopodia  component  Tks5|0„K,  the  embryonal  proto¬ 
oncogene  Hmga2,  and  the  epithelial-to-mesenchymal  mediator  Snail.  Finally,  analyses  of  tumors  from  a  genetically 
engineered  mouse  model  and  patients  show  that  low  expression  of  Nkx2-1,  Foxa2,  and  Cdx2  strongly  correlates  with 
more  advanced  tumors  and  worse  survival.  Our  findings  reveal  that  a  large  part  of  the  complex  transcriptional 
network  in  metastasis  can  be  controlled  by  a  small  number  of  regulatory  nodes  that  function  redundantly,  and  loss  of 
multiple  nodes  is  required  to  fully  activate  the  metastatic  program. 

[Keywords:  lung  adenocarcinoma;  metastasis;  Nkx2-1;  Foxa2;  Cdx2;  genetically  engineered  mouse  model  of  cancer] 
Supplemental  material  is  available  for  this  article. 
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During  tumor  progression,  cancer  cells  undergo  global 
gene  expression  alterations  through  which  they  acquire 
the  traits  that  allow  them  to  successfully  advance  through 
the  multiple  steps  of  the  metastatic  cascade.  These  steps 
include  the  ability  to  invade  and  migrate  through  sur¬ 
rounding  tissues,  intravasate  into  blood  vessels,  survive 
in  circulation,  extravasate  at  secondary  sites,  and  colonize 
distant  organs  (Steeg  2006).  A  comprehensive  understand¬ 
ing  of  the  upstream  regulators  that  orchestrate  this  metas¬ 
tasis  program  is  lacking. 

To  understand  more  fully  the  molecular  mechanisms  of 
tumor  progression  and  metastasis  in  a  well-defined  genet¬ 
ic  context,  our  laboratory  developed  a  genetically  engi¬ 
neered  mouse  model  of  lung  adenocarcinoma,  a  major 
subtype  of  lung  cancer  that  is  a  leading  cause  of  cancer 
death  worldwide.  Conditional  activation  of  oncogenic 
Kras  and  inactivation  of  p53  in  KrasLSL'G1ZD/+;  p53fl/fl 
(KP)  mice  by  viral  delivery  of  Cre  recombinase  to  lung  ep¬ 
ithelial  cells  initiates  the  development  of  lung  adenocarci- 
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nomas  that  closely  resemble  the  pathophysiological 
features  of  the  human  disease,  including  the  capability 
to  metastasize  to  distant  organs  (Jackson  et  al.  2001, 
2005 ).  Previously,  we  found  that  progression  to  metastasis 
in  this  model  was  closely  associated  with  decreased  ex¬ 
pression  of  the  lung  lineage  transcription  factor  Nkx2-1, 
and  knockdown  of  Nkx2-1  in  nonmetastatic  tumor  cells 
was  sufficient  to  increase  their  tumor-seeding  ability  in 
transplantation  experiments  (Winslow  et  al.  2011).  None¬ 
theless,  two  major  lines  of  evidence  indicate  that  loss  of 
Nl<x2-1  alone  may  not  be  sufficient  for  full  progression 
to  metastasis.  First,  knockdown  of  Nkx2-1  in  nonmeta¬ 
static  lung  adenocarcinoma  cells  does  not  recapitulate 
all  of  the  gene  expression  changes  that  occur  during  the 
transition  from  a  nonmetastatic  to  a  metastatic  state 
(Winslow  et  al.  2011).  Moreover,  Nkx2-1  deletion  in  KP 
lung  adenocarcinomas  was  not  sufficient  to  induce  the 
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Foxa2,  Cdx2,  and  Nkx2-1  jointly  inhibit  metastasis 


metastasis  program  but  instead  unmasked  a  latent  gastric 
differentiation  state  of  the  tumor  cells  (Snyder  et  al.  2013). 
These  observations  indicate  that,  in  addition  to  Nkx2-1, 
additional  regulatory  factors  likely  exist  that  govern  the 
program  necessary  for  full  acquisition  of  metastatic 
potential. 

To  investigate  additional  regulators  of  metastasis,  we 
elected  to  examine  the  transcription  factors  that  control 
the  expression  of  the  metastasis  mediator  Tks5iong-  A  crit¬ 
ical  component  of  the  proteolytic  cellular  protrusions, 
invadopodia,  Tks5iong  promotes  metastasis  in  a  wide  vari¬ 
ety  of  cancer  types,  including  lung  adenocarcinoma,  and 
its  expression  is  consistently  up-regulated  in  metastatic 
cells  compared  with  nonmetastatic  cells  in  the  KP  model 
(Murphy  and  Courtneidge  201 1;  Li  et  al.  2013).  We  showed 
previously  that  Tks5iong  is  critical  for  promoting  invado¬ 
podia  formation  and  metastatic  progression  in  transplant 
and  autochthonous  mouse  models.  Moreover,  Tks5iong 
expression  correlates  with  a  more  advanced  disease  stage 
and  poor  survival  of  lung  adenocarcinoma  patients.  Im¬ 
portantly,  Tks5iong  is  distinct  from  an  invadopodia-inhib- 
iting  isoform,  Tks5short,  by  the  presence  of  the  membrane¬ 
binding  Phox  homology  domain  and  the  use  of  an  inde¬ 
pendent  promoter  for  transcription  (Li  et  al.  2013).  A  pre¬ 
vious  study  has  demonstrated  that  the  protein  level  of 
Tks5iong  can  be  regulated  by  Src  (Cejudo-Martin  et  al. 
2014).  However,  the  transcriptional  regulation  of  Tks5iong 
is  not  well  understood. 

Here,  we  explored  the  transcriptional  regulation  of 
Tks5iong  to  uncover  key  regulators  of  metastasis  in  lung 
adenocarcinoma.  We  identified  three  transcriptional  re¬ 
pressors  of  Tks5iong — Nkx2-1,  Foxa2,  and  Cdx2 — and 
subsequently  showed  that  they  function  collectively  as 
important  regulators  of  a  metastasis  program  in  lung  ade¬ 
nocarcinoma.  While  Nkx2-1  and  Foxa2  are  known  for  lin¬ 
eage  specification  and  maintenance  of  the  lungs  (among 
other  organs),  Cdx2  expression  is  limited  to  the  intestines 
in  normal  adult  tissues,  and  its  role  in  lung  adenocarcino¬ 
ma  has  not  been  previously  explored.  Here,  we  provide 
evidence  that  these  three  transcription  factors  function 
cooperatively  as  critical  regulators  in  suppressing  lung  ad¬ 
enocarcinoma  metastasis. 

Results 

Nkx2-1,  Foxa2,  and  Cdx2  synergistically  suppress 
the  expression  of  Tks5iong  in  nonmetastatic  lung 
adenocarcinoma  cells 

To  identify  novel  mediators  of  the  metastatic  program  in 
lung  adenocarcinoma,  we  focused  on  the  transcriptional 
regulation  of  Tks5iong.  Tks5iong  has  a  mechanistically 
characterized  function  in  promoting  metastasis  across  a 
wide  variety  of  cancer  types,  as  it  mediates  the  formation 
of  invadopodia,  which  are  proteolytic  membrane  protru¬ 
sions  that  facilitate  cellular  invasion  (Paz  et  al.  2014).  In 
lung  adenocarcinoma,  Tks5iong  is  critical  for  promoting 
metastasis,  and  increased  Tks5iong  expression  correlates 
with  poor  patient  outcomes  (Li  et  al.  2013).  Furthermore, 
Tks5iong  is  dramatically  and  consistently  up-regulated  in 


our  collection  of  metastatic  lung  adenocarcinoma  cells 
compared  with  the  nonmetastatic  cells  derived  from  the 
KP  model  (Li  et  al.  2013),  suggesting  that  its  expression 
is  under  tight  regulation.  Importantly,  H3K4me3  chro¬ 
matin  immunoprecipitation  (ChIP)  sequencing  (ChlP- 
seq)  analysis  showed  that  Tks5iong  is  transcribed  from  its 
own  promoter  independently  of  the  other  Tks5  isoform, 
Tks5short  (data  not  shown),  suggesting  that  its  increased 
expression  is  likely  a  result  of  transcriptional  regulation 
and  not  alternative  splicing.  Given  these  data,  we  hypoth¬ 
esized  that  the  transcriptional  regulatory  mechanism  for 
Tks5iong  functions  as  a  key  switch  in  regulating  a  broader 
metastasis  program,  which  includes  many  more  metasta¬ 
sis-related  genes. 

To  identify  potential  transcriptional  regulators  of 
Tks5iong,  we  used  an  existing  gene  expression  profile  of  a 
panel  of  cell  lines  derived  from  nonmetastatic  and  meta¬ 
static  primary  lung  adenocarcinomas  as  well  as  metastases 
in  the  KP  model  (termed  TnonMet,  TMet,  and  Met  cells,  re¬ 
spectively)  (Winslow  et  al.  2011).  From  this  data  set,  we 
generated  a  list  of  transcription  factors  that  ( 1 )  were  differ¬ 
entially  expressed  between  the  collection  of  TnonMet  and 
TMet/Met  cells  and  (2)  had  predicted  binding  sites  in  the 
Tks5jong  locus  based  on  genomic  sequence  analysis. 

This  approach  neglects  potential  nontranscriptional 
regulatory  mechanisms  of  Tks5iong  expression,  but  we 
wanted  to  start  by  first  focusing  strictly  on  transcription. 
Among  the  transcription  factors  that  are  differentially  ex¬ 
pressed  between  TnonMet  and  TMet/Met  cells,  we  identi¬ 
fied  three  that  meet  these  criteria:  Nl<x2-1,  Foxa2,  and 
Cdx2.  Microarray  gene  expression  profiling  and  quantita¬ 
tive  RT-PCR  (qRT-PCR)  validation  confirmed  that 
Nkx2-1,  Foxa2,  and  Cdx2  are  highly  expressed  in  TnonMet 
cells  but  are  partially  or  completely  lost  in  TMet/Met  cells 
(Fig.  1A;  Supplemental  Fig.  S1A,B).  The  expression  pattern 
of  each  transcription  factor  is  inversely  proportional  to 
Tks5iong,  suggesting  that  these  three  factors  may  suppress 
Tks5iong  expression  (Fig.  1A). 

In  order  to  determine  whether  Nkx2-1,  Foxa2,  and  Cdx2 
inhibit  Tks5iong  expression,  we  knocked  down  the  three 
transcription  factors  in  TnonMet  cells  using  shRNAs  (re¬ 
ferred  to  here  as  TnonMet-shNFC  cells)  either  singly  or  in 
combination  and  examined  the  effect  on  Tks5iong  expres¬ 
sion  compared  with  control  knockdown  using  shRNAs 
against  firefly  and  renilla  luciferases.  Interestingly,  while 
single  or  double  knockdown  of  these  transcription  factors 
in  TnonMet  cells  only  moderately  affected  Tks5iong  expres¬ 
sion,  triple  knockdown  of  all  three  transcription  factors  in 
TnonMet-shNFC  cells  led  to  a  dramatic  increase  in  Tks5iong 
mRNA  and  protein  levels  such  that  the  levels  were  com¬ 
parable  with  that  of  TMet  cells  with  the  highest  Tks5iong 
expression  (Fig.  1B,C).  The  effect  of  the  triple  knockdown 
on  Tks5iong  expression  was  synergistic,  as  the  expression 
levels  of  Tks5long  far  exceeded  that  predicted  by  the  addi¬ 
tive  effects  of  single  knockdown.  Importantly,  the  effect 
of  Nkx2-1,  Foxa2,  and  Cdx2  knockdown  was  specific 
to  Tks5iong  and  did  not  affect  expression  of  the  other 
Tks5  isoform,  Tks5short  (Fig-  1B,C).  We  validated  these  re¬ 
sults  in  an  independent  TnonMet  cell  line  using  different 
shRNAs  (Supplemental  Fig.  SIC).  These  data  suggest 
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Figure  1.  Nkx2-1,  Foxa2,  and  Cdx2  synergistically 
suppress  the  expression  of  Tks5iong  in  nonmetastatic 
lung  adenocarcinoma  cells.  [A]  mRNA  levels  of 
Nkx2-1,  Foxa2,  and  Cdx2  in  TnonMet  (368T1,  394T4, 
and  802T4)  and  TMet  (373T1,  393T3,  393T5,  and 
482T1)  lung  adenocarcinoma  cell  lines  anti-correlate 
with  Tks5iong  expression  as  measured  by  qRT-PCR. 
(r)  Spearman's  correlation  coefficient;  (p)  P-value.  [B, 
C)  Knockdown  of  Nkx2-1,  Foxa2,  andCdx2inTnonMet 
cells  (394T4)  derepresses  Tks5iong  expression  but  not 
Tks5shOTt,  as  measured  by  qRT-PCR  [B]  and  immuno- 
blotting  (C).  Lines  ( — )  indicate  control  hairpins 
against  firefly  or  renilla  luciferase.  Data  are  represent¬ 
ed  as  mean  ±  SD.  The  P-value  was  calculated  by  Stu¬ 
dent's  t-test.  ( D-F )  Overexpression  of  Nkx2-1;  Foxa2, 
and  Cdx2  in  TMet  cells  (393T5)  represses  Tks5iong  ex¬ 
pression  hut  not  Tks5short,  as  measured  by  qRT-PCR. 
Data  are  represented  as  mean  ±  SD.  The  P-values  were 
calculated  by  Student's  t- test.  (G)  ChIP-qPCR  analy¬ 
sis  of  the  enrichment  of  Nkx2-1,  Foxa2,  and  Cdx2 
binding  at  the  Tks5iong  genomic  locus.  Data  are  repre¬ 
sented  as  mean  ±  SEM  of  at  least  three  independent 
experiments.  SftpA ,  Hnf4a,  and  Wnt5a  served  as  pos¬ 
itive  controls  for  Nkx2-1,  Foxa2,  and  Cdx2  binding, 
respectively.  (GD8)  Negative  control  mapping  to  a 
gene  desert  region  on  murine  chromosome  8.  For 
each  enhancer  versus  GD8,  P  <  0.05  by  Student's 
t-test. 


that  Nkx2-1,  Foxa2,  and  Cdx2  may  suppress  Tks5iong  ex¬ 
pression  in  a  synergistic  manner. 

To  examine  whether  these  transcription  factors  are  suf¬ 
ficient  to  suppress  Tks5iong  expression  in  metastatic  cells, 
we  overexpressed  each  transcription  factor  in  a  doxycy- 
cline -inducible  manner  in  TMet  cells.  Increasing  the  levels 
of  each  transcription  factor  inhibited  Tks5iong  expression 
in  a  dosage-dependent  manner  without  affecting  Tks5short 
mRNA  levels  (Fig.  1D-F).  Furthermore,  this  suppressive 
effect  on  Tks5iong  expression  was  additive,  as  combined 
overexpression  of  Nkx2-1  and  Foxa2  (or  of  Nkx2-1  and 
Cdx2)  reduced  the  mRNA  levels  of  Tks5iong  more  signifi¬ 
cantly  than  one  transcription  factor  alone  (Supplemental 
Fig.  SID). 

To  determine  whether  these  transcription  factors  sup¬ 
press  Tks5iong  expression  by  directly  binding  to  its  genetic 
locus,  we  performed  ChIP-qPCR  analysis  on  potential  en¬ 
hancer  regions  in  the  Tks5jong  locus.  We  observed  binding 


of  Nkx2-1,  Foxa2,  and  Cdx2  to  multiple  enhancers  in  the 
Tks5iong  locus  (Fig.  1G),  consistent  with  a  direct  role  in 
down-regulating  gene  expression  at  the  genetic  locus. 

Nkx2-1,  Foxa2,  and  Cdx2  cooperate  to  inhibit 
metastasis  in  vivo 

To  test  whether  Nkx2-1,  Foxa2,  and  Cdx2  suppress  me¬ 
tastasis,  we  transplanted  TnonMet-shNFC  cells  subcu¬ 
taneously  into  nude  mice  and  examined  their  ability  to 
metastasize  from  the  subcutaneous  tumor  to  the  lungs 
over  a  period  of  6  wk.  This  assay  tests  a  full  range  of  met¬ 
astatic  properties,  as  it  requires  that  tumor  cells  invade 
and  intravasate  into  circulation  at  the  primary  site  and 
then  extravasate  and  colonize  a  distant  organ  at  the  met¬ 
astatic  site.  Notably,  while  TnonMet  cells  with  Nkx2-1 
knockdown  (TnonMet-shN  cells)  formed  more  lung  nodules 
than  control  TnonMet  cells,  TnonMet-shNFC  cells  were 
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strikingly  more  metastatic  (Fig.  2A,B).  The  increase  in 
metastatic  potential  in  TnonMet-shNFC  cells  was  more 
than  the  additive  effect  induced  by  single  or  double 
knockdown.  Importantly,  the  knockdown  of  these  tran¬ 
scription  factors  did  not  significantly  affect  the  size  of 
the  primary  tumors  in  the  subcutaneous  site  (Supplemen¬ 
tal  Fig.  S2).  These  data  suggest  that  loss  of  Nkx2-1,  Foxa2, 
and  Cdx2  functions  cooperatively  to  promote  metastasis 
in  lung  adenocarcinoma. 

The  increased  number  of  lung  metastases  seen  with 
TnonMet-shNFC  cells  could  be  explained  by  changes  in 
their  ability  to  complete  different  steps  along  the  me¬ 
tastatic  cascade.  We  first  examined  how  knockdown  of 
Foxa2,  Cdx2,  and  Nkx2-1  affected  cell  morphology  and 
motility  in  vivo.  We  observed  that  TnonMet-shNFC  sub¬ 
cutaneous  tumors  adopted  a  mesenchymal  morphology 
similar  to  that  of  TMet  tumors,  in  contrast  to  the  pre¬ 
dominantly  epithelial  morphology  in  tumors  formed 
by  TnonMet  cells  and  the  epithelial/slight  mesenchymal 


-  -  -  c  -  c  c  c 

TnonMet  -  shRNA 


Figure  2.  Foxa2  and  Cdx2  synergize  with  Nkx2-1  in  inhibiting 
metastasis  in  vivo.  ( A )  Triple  knockdown  of  Nkx2-1,  Foxa2,  and 
Cdx2  in  a  subcutaneous  transplantation  assay  increases  the  met¬ 
astatic  potential  of  TnonMet  cells  (394T4) — in  comparison  with 
control  TnonMet  cells  and  TnonMet  cells  with  single/double  knock¬ 
down — to  a  level  similar  to  that  of  TMet  cells  (373T1).  Represen¬ 
tative  images  of  lung  metastases  are  shown.  Lines  ( — )  indicate 
control  hairpins  against  firefly  or  renilla  luciferase.  (B)  Quantifi¬ 
cation  of  metastasis  frequencies  as  determined  by  numbers  of  tu¬ 
mor  nodules  visible  on  the  lung  surface.  Each  circle  represents 
an  individual  mouse.  Data  are  represented  as  mean  ±  SEM. 
The  P-values  were  calculated  by  Student's  t-test.  (*)  P<0.05; 
(**)P<0.01;  (****)  P<  0.0001. 


morphology  in  TnonMet-shN  tumors  (Fig.  3A,B).  This  chan¬ 
ge  to  mesenchymal  morphology  for  TnonMet-shNFC  cells 
occurred  only  in  vivo  but  not  in  vitro  (Supplemental  Fig. 
S3A),  suggesting  that  it  is  at  least  in  part  induced  by 
non-cell-autonomous  factors  present  in  the  tumor  micro¬ 
environment.  Consistent  with  this  change  to  a  mesen¬ 
chymal  morphology,  qRT-PCR  analysis  of  TnonMet- 
shNFC  tumors  showed  loss  of  the  epithelial  marker 
Krtl9  and  a  small  increase  in  expression  of  mesenchymal 
markers  Twist,  Snail,  Zebl,  and  N-cadherin  compared 
with  TnonMet  tumors  but  no  change  in  Slug,  Vimentin, 
and  E-cadherin  (Supplemental  Fig.  S3B;  data  not  shown). 
These  data  suggest  a  partial  epithelial-to-mesenchymal 
transition  (EMT),  an  important  step  in  the  metastatic  pro¬ 
cess  (Sato  et  al.  2012;  Tsai  and  Yang  2013),  of  TnonMet- 
shNFC  cells  in  vivo. 

Because  mesenchymal  morphology  is  associated  with 
increased  motility  (Thiery  et  al.  2009;  Tsai  and  Yang 
2013),  we  performed  intravital  imaging  to  monitor  migra¬ 
tion  of  GFP-positive  cancer  cells  within  subcutaneous 
tumors.  TnonMet-shNFC  tumors  contained  significantly 
more  migratory  cells  than  TnonMet  and  TnonMet-shN  cells 
(Fig.  3C;  Supplemental  Movies  S1-S6).  Furthermore, 
when  we  measured  the  chemotactic  ability  of  the  tumor 
cells  by  performing  in  vivo  fine-needle  collection  assay  us¬ 
ing  10%  fetal  bovine  serum  (FBS)  as  a  chemoattractant 
(Wyckoff  et  al.  2000),  we  collected  a  higher  number  of 
GFP-positive  cancer  cells  from  Tn0nMet-shNFC  subcuta¬ 
neous  tumors  than  from  TnonMet  and  TnorLMet-shN  tumors 
(Fig.  3D).  Taken  together,  these  data  suggest  that  TnonMet- 
shNFC  cells  are  more  motile  in  vivo  than  TnonMet  and 

TnonMet-shN  Cells. 

To  test  whether  the  enhanced  metastatic  ability  of 
TnonMet-shNFC  cells  can  also  be  explained  by  differences 
in  the  colonization  of  secondary  sites  during  the  metastat¬ 
ic  cascade,  we  injected  tumor  cells  intravenously  into  im¬ 
munocompromised  mice  to  test  their  ability  to  establish 
tumor  nodules  upon  arriving  at  the  lung  capillaries.  We 
observed  that  Tn0nMet-shNFC  cells  and  Tn0nMet-shN  cells 
had  equally  high  colonization  capacities  compared  with 
TnonMet  control  (Fig.  3E,F),  suggesting  that  while  knock¬ 
down  of  Nkx2-1  enhances  metastatic  colonization,  addi¬ 
tional  inhibition  of  Foxa2  and  Cdx2  does  not  further 
contribute  to  this  property. 

Taken  together,  our  data  support  a  model  in  which 
Nkx2-1,  Foxa2,  and  Cdx2  inhibit  metastasis  by  acting 
on  different  steps  of  the  metastatic  cascade.  While 
Nkx2-1  inhibits  the  extravasation/colonization  step  to¬ 
wards  the  end  of  the  metastatic  cascade,  Nkx2-1,  Foxa2, 
and  Cdx2  together  inhibit  migration  and  invasion  in  the 
early  steps  of  metastasis  (Fig.  3G).  The  gain  of  metastatic 
ability  in  TnonMet-shNFC  cells  compared  with  TnonMet- 
shN  cells  is  correlated  with  an  increase  in  invasion  and 
migration  in  the  primary  tumor. 


Nkx2-1,  Foxa2,  and  Cdx2  collectively  repress 
a  program  of  metastasis  genes 

Given  the  increased  metastatic  ability  of  TnonMet-shNFC 
cells  compared  with  T„onMet  and  TnonMet-shN  cells,  we 
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Figure  3.  Foxa2  and  Cdx2  synergize  with 
Nkx2-1  in  inhibiting  migration  in  vivo. 
( A,B )  Triple  knockdown  of  Nkx2-1;  Foxa2, 
and  Cdx2  in  TnonMet  (394T4)  subcutaneous 
tumors  induces  a  mesenchymal  morpholo¬ 
gy  similar  to  TMet  (373T1)  tumors,  in 
contrast  to  the  epithelial  TnonMet-shCtrl  tu¬ 
mors.  [A]  Representative  H&E  staining  of 
subcutaneous  tumors.  Bar,  50  pm.  (B) 
Quantification  of  epithelial  and  mesenchy¬ 
mal  morphology  by  a  pathologist  (RT  Bron¬ 
son).  Lines  ( — )  indicate  control  hairpins 
against  firefly  or  renilla  luciferase.  ( C,D ) 
Knockdown  of  Nkx2-1,  Foxa2,  and  Cdx2 
in  TnonMet  (394T4)  subcutaneous  tumors 
enhances  migration  in  vivo  compared 
with  TnonMet-shCtrl  and  Tn0nMet-shN  tu¬ 
mors,  as  measured  by  intravital  imaging 
(C)  and  fine-needle  collection  assay  (D). 
Data  are  represented  as  mean  ±  SEM.  The 
P-values  were  calculated  by  Student's 
t- test.  (**)  P<0.01;  (•**)  P<  0.001;  (****)  P< 

0.0001.  {E,F)  TnonMet" shNFC  and  TnonMet- 
shN  (394T4)  cells  show  similar  coloniza¬ 
tion  ability  in  the  lungs  after  intravenous 
transplantation.  (£)  Representative  images 
of  lungs  with  tumor  nodules.  (£)  Quantifi¬ 
cation  of  lung  tumor  burden.  Each  circle 


represents  an  individual  mouse.  Data  are  represented  as  mean  ±  SEM.  The  P- values  were  calculated  by  Student's  £-test.  (*)£*<  0.05;  (* 
P  <  0.001.  (G)  Model  for  distinct  roles  of  Nkx2-1,  Foxa2,  and  Cdx2  in  inhibiting  metastatic  progression. 


next  investigated  whether  a  network  of  metastasis-related 
genes  might  be  differentially  regulated  upon  knockdown 
of  Nkx2-1,  Foxa2,  and  Cdx2.  Transcription  factors  gener¬ 
ally  regulate  a  broad  network  of  target  genes,  often  genes 
with  similar  functions.  Therefore,  we  hypothesized  that, 
in  addition  to  suppressing  the  expression  of  Tks5iong  (a 
critical  mediator  of  metastasis),  Nkx2-1,  Foxa2,  and 
Cdx2  may  also  regulate  the  expression  of  other  metasta¬ 
sis-related  genes.  Thus,  we  performed  RNA  sequencing 
(RNA-seq)  on  Tnnn Met,  Tnon Met- shN,  Tnnn Met-shNFC,  and 
TMet  cells  and  used  an  unsupervised  blind  source  se¬ 
paration  strategy  using  independent  component  analy¬ 
sis  (ICA)  (see  the  Supplemental  Material;  data  not 
shown),  to  elucidate  statistically  independent  gene  ex¬ 
pression  signatures  that  characterize  the  transcriptomes 
of  these  cells.  This  high-resolution  approach  allowed  us 
to  identify  two  statistically  significant  and  biologically 
relevant  signatures  that  are  separate  from  a  "clonal  signa¬ 
ture"  that  embodies  the  background  identity  of  TMet-  ver¬ 
sus  TnonMet-derived  cells  (Fig.  4A):  (1)  a  signature 
differentiating  Nkx2-l-high  samples  (TnonMet)  from  all 
Nkx2-l-low  samples  (TnonMet-shN,  TnonMet-shNFC,  and 
TMet  cells),  which  we  termed  an  "shN  signature,"  and 
(2)  a  signature  clustering  TnonMet-shNFC/TMet  cells 
away  from  TnonMet/TnonMet-shN  cells,  which  we  designat¬ 
ed  as  the  "shNFC  signature." 

Our  analysis  provides  several  lines  of  evidence  that 
TnonMet-shNFC  cells  significantly  recapitulated  the  ma¬ 
jor  metastasis-related  gene  expression  patterns  associat¬ 
ed  with  TMet  cells.  First,  hierarchical  clustering  based 
on  the  top  and  bottom  second  percentile  of  genes  identi¬ 


fied  in  the  shNFC  signature  showed  clustering  of 
TnonMet-shNFC  cells  with  TMet  cells,  and  this  cluster 
segregated  away  from  TnonMet  and  Tn0nMet-shN  cells 
(Fig.  4B,C),  indicating  that  the  identified  gene  expression 
pattern  robustly  supports  the  signature.  Highly  similar 
clustering  patterns  were  also  obtained  in  analysis  of  the 
top  and  bottom  first  percentile  and  fifth  percentile  of 
genes  in  the  shNFC  signature  (data  not  shown).  Second, 
clustering  based  on  global  gene  expression  profiles  after 
depletion  of  the  background  clonal  signature  showed 
that  TnonMet-shNFC  cells  were  substantially  more  close¬ 
ly  related  to  TMet  cells  than  TnonMet-shN  and  TnonMet 
cells  (Supplemental  Fig.  S4A).  Finally,  the  shNFC  signa¬ 
ture  was  highly  enriched  for  the  "Tmet/Met"  gene  set 
and  depleted  for  the  "TnonMet"  gene  set  (Winslow 
et  al.  2011)  when  analyzed  using  gene  set  enrichment 
analysis  (GSEA)  (Fig.  4D;  Subramanian  et  al.  2005).  In 
contrast,  the  shN  signature  did  not  show  a  similar  en¬ 
richment  or  depletion  pattern  of  TMet/Met  or  TnonMet 
gene  sets  (Fig.  4D). 

Of  the  388  genes  identified  by  the  shNFC  signature,  1 69 
genes  were  up-regulated  (among  which  is  Tks5iong),  and 
219  genes  were  down-regulated  in  the  TnonMet-shNFC/ 
TMet  cells  compared  with  the  TnonMet/Tn0nMet-shN  cells 
(Fig.  4C).  Interestingly,  GSEA  analyses  using  publicly 
available  gene  sets  in  the  Molecular  Signatures  Database 
(Subramanian  et  al.  2005)  revealed  that  the  shNFC  signa¬ 
ture  is  significantly  enriched  for  gene  sets  that  represent 
poor  patient  prognosis,  metastasis/EMT,  and  TGFp  tar¬ 
gets  (Fig.  4E).  Furthermore,  the  shNFC  signature  is  signif¬ 
icantly  depleted  for  gene  sets  related  to  gastrointestinal/ 
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Figure  4.  Nkx2-1,  Foxa2,  and  Cdx2  together  repress  a  program  of  metastasis  genes.  [A]  RNA-seq  gene  expression  analysis  of  394T4 
TnonMet,  TnonMet-shN,  TnonMet-shNFC,  and  373T1  TMet  cells  reveals  two  statistically  significant  and  biologically  relevant  signatures: 
an  shN  signature  and  an  shNFC  signature,  both  separate  from  a  clonal  signature  that  embodies  the  background  identity  of  TMet-  versus 
TnonMet-derived  cells.  (B)  Dendrogram  showing  sample  relationships  via  clustering  based  on  the  top  and  bottom  second  percentile  of  genes 
in  the  shNFC  signature.  (C )  Differentially  expressed  genes  that  drive  the  shNFC  signature  distinguishing  TnonMet-shNFC/TMet  cells  from 
TnonMet/TnonMet-shN  cells.  (D)  GSEA  (gene  set  enrichment  analysis)  reveals  that  the  shNFC  signature  is  highly  enriched  for  TMet/Met 
genes  and  depleted  for  TnonMet  genes,  whereas  the  shN  signature  does  not  show  similar  enrichment,  (ns)  Not  significant.  [E]  GSEA  using 
the  Molecular  Signatures  Database  (MSigDB)  curated  gene  set  collection  shows  that  the  shNFC  signature  is  enriched  for  gene  sets  asso¬ 
ciated  with  metastasis  and  poor  prognosis  and  depleted  for  gene  sets  associated  with  Hnf4a-related  gastrointestinal/hepatic  differentia¬ 
tion.  [F]  Examples  of  prometastatic  ( Tks5iong  and  TGFji)  and  anti-metastatic  [Mtusl]  genes  that  were  identified  in  the  shNFC  signature 
by  RNA-seq.  Data  are  represented  as  mean±SEM.  The  P-values  were  calculated  by  Student's  t-test.  (G)  Examples  of  gastrointestinal 
differentiation  genes  ( Hnf4g ,  Lgals4,  and  Lgals6]  that  were  identified  in  the  shNFC  signature  by  RNA-seq.  Data  are  represented 
as  mean  ±  SEM.  The  Rvalues  were  calculated  by  Student's  t-test. 


liver-related  genes,  reflecting  the  gene  expression  changes 
induced  upon  knockdown  of  Foxa2  and  Cdx2  (Fig.  4E). 
Many  of  the  gene  expression  changes  identified  in  the 
shNFC  signature  that  were  relevant  for  metastasis  or  gas¬ 
trointestinal  differentiation  were  validated  by  qRT-PCR 
and  immunoblotting  (Fig.  4F,G;  Supplemental  Fig.  S4B; 
data  not  shown). 

To  directly  answer  the  question  of  what  fraction  of  the 
gene  expression  differences  between  our  collection  of 
TnonMet  and  TMet/Met  cells  was  recapitulated  by  com¬ 
bined  knockdown  of  Nkx2-1,  Foxa2,  and  Cdx2  in  TnonMet 
394T4  cells,  we  performed  targeted  pairwise  differential 
analysis.  We  found  that  a  large  fraction  (32%)  of  the  genes 
that  were  differentially  expressed  between  TnonMet  and 
TMet/Met  cells  also  showed  significant  gene  expression  al¬ 
terations  by  twofold  or  more  in  comparing  394T4  TnonMet 


versus  TnonMet-shNFC  cells  ( P  =  2.22  x  10-16,  hypergeo¬ 
metric  test),  suggesting  that  reduced  expression  of  the 
three  transcription  factors  can  explain  about  one-third  of 
the  gene  expression  changes  in  metastatic  progression. 
In  contrast,  only  9%  of  the  genes  that  were  different¬ 
ially  expressed  between  TnonMet  and  TMet/Met  cells  were 
found  to  be  altered  when  comparing  394T4  TnonMet  versus 
TnonMet-shN  cells  ( P  =  2.22  x  1CT16,  hypergeometric  test). 

Taken  together,  these  data  argue  that  the  TnonMet- 
shNFC  gene  expression  program  driven  by  loss  of  Nkx2- 
1,  Foxa2,  and  Cdx2  significantly  recapitulated  the  charac¬ 
teristics  of  TMet  cells.  These  findings  are  consistent  with 
data  from  our  in  vivo  metastasis  assays  that  TnonMet- 
shNFC  cells  are  more  metastatic  than  TnonMet-shN  cells 
and  further  support  that  Foxa2  and  Cdx2  cooperate  with 
Nkx2-1  to  regulate  a  network  of  metastasis-related  genes. 


GENES  &  DEVELOPMENT 


1855 


Downloaded  from  genesdev.cshlp.org  on  September  9,  2015  -  Published  by  Cold  Spring  Harbor  Laboratory  Press 


Li  et  al. 


The  inhibitory  effect  of  Nkx2-1,  Foxa2,  and  Cdx2 
on  metastasis  depends  on  the  activation  of  Tks5iong, 
Hmga2,  and  Snail  expression 

Given  the  large  number  of  genes  activated  in  the  shNFC 
signature,  we  then  examined  whether  some  of  these  genes 
might  be  functionally  required  for  promoting  the  meta¬ 
static  capacity  of  TnonMet-shNFC  cells.  In  addition  to 
Tks5iong,  we  elected  to  examine  the  embryonal  proto-on¬ 
cogene  Hmga2  and  the  EMT  transcription  factor  Snail,  as 
these  metastasis-promoting  genes  are  also  significantly 
up-regulated  in  TMet/Met  cells  compared  with  TnonMet 
cells  in  microarray -based  gene  expression  analysis  (Sup¬ 
plemental  Fig.  S5A;  Winslow  et  al.  2011).  TnonMet-shNFC 
cells  exhibited  a  significant  increase  in  Hmga2  and  Snail 
expression  at  the  levels  of  both  mRNA  and  protein,  ex¬ 
ceeding  the  levels  in  TnonMet  and  TnonMet  single/double¬ 
knockdown  cells  (Fig.  5A,B).  The  activation  effect  was 
synergistic,  as  the  expression  levels  of  Hmga2  and  Snail 
were  much  higher  than  predicted  by  the  additive  effects 
of  single  knockdown.  To  test  whether  increased  ex¬ 
pression  of  Tks5iong,  Hmga2,  and  Snail  are  required  for  in¬ 
creased  metastatic  ability  of  TnonMet-shNFC  cells,  we 
knocked  down  these  three  genes  by  shRNAs  or  CRISPR/ 
Cas  sgRNAs  (Fig.  5C).  Decreased  expression  of  Tks5iong, 
Hmga2,  or  Snail  individually  impaired  the  metastatic  abil¬ 
ity  of  TnonMet-shNFC  cells  without  affecting  the  size  of 
the  primary  subcutaneous  tumors  (Fig.  5D,E;  Supplemen¬ 
tal  Fig.  S5E).  Importantly,  Hmga2  and  Snail  knockdown 
did  not  affect  the  expression  of  Tks5iong  or  of  each  other 
(Supplemental  Fig.  S5C,D),  suggesting  that  they  each 
contributed  individually  to  increasing  metastatic  po¬ 
tential.  These  data  support  our  hypothesis  that  Nkx2-1, 
Foxa2,  and  Cdx2  may  function  as  key  regulators  for  a  net¬ 


work  of  metastasis-related  genes  that  include  Tks5iong, 
Hmga2,  and  Snail. 

The  endogenous  expression  pattern  of  Nkx2-1,  Foxa2, 
and  Cdx2  correlates  with  tumor  progression  in  vivo 

To  further  characterize  the  suppressive  roles  of  Nkx2-1, 
Foxa2,  and  Cdx2  during  tumor  progression,  we  examined 
their  endogenous  expression  in  the  KP  model  of  lung 
adenocarcinoma.  This  animal  model  provides  a  well-de¬ 
fined  genetic  context  and  a  stereotypic  temporal  pattern 
of  histologic  progression,  which  facilitate  the  identi¬ 
fication  of  patterns  of  gene  expression  alterations  that 
accompany  tumor  progression.  We  analyzed  195  tumor 
regions  from  mice  ranging  from  17  to  33  wk  post-initia¬ 
tion  and  scored  them  as  low  grade  (grades  1-3)  or  high 
grade  (grade  4,  poorly  differentiated)  based  on  nucleo- 
cytoplasmic  morphology,  tumor  architecture,  and  the 
presence  of  stromal  invasion.  Consistent  with  previous 
findings  (Winslow  et  al.  2011),  expression  of  Nkx2-1  and 
Hmga2  anti-correlated  with  each  other  in  these  tumors 
(Fig.  6A),  and  Nkx2-llow  and  Hmga2hlgh  tumors  were 
mostly  high  grade  (Fig.  6D,E). 

The  pattern  of  Foxa2  expression  was  highly  similar  to 
that  of  Nkx2-1  and  was  anti-correlated  with  Hmga2 
(Fig.  6B,C).  The  inverse  correlation  of  Foxa2  expression 
to  tumor  grade  was  more  striking  than  Nkx2-1:  Foxa2hlgh 
expression  was  invariably  associated  with  low-grade  tu¬ 
mors  ( 1 1 7  of  1 1 7;  100% ),  while  Foxa2low  tumors  were  con¬ 
sistently  high  grade  (21  of  21;  100%)  (Fig.  6F).  These  data 
suggest  that  Foxa2,  similar  to  Nkx2-1,  marks  an  early 
state  of  tumor  progression,  and  loss  of  Foxa2  expression 
is  a  stringent  diagnostic  marker  of  high-grade  tumors. 
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Figure  5.  The  inhibitory  effect  of  Nkx2-1,  Foxa2, 
and  Cdx2  on  metastasis  depends  on  the  activation 
of  Tks5iong,  Hmga2,  and  Snail  expression.  (A,B)  Com¬ 
bined  knockdown  of  Nkx2-1,  Foxa2,  and  Cdx2  in 
TnonMet  cells  (394T4)  derepresses  the  expression  of 
Hmga2  and  Snail,  as  analyzed  by  qRT-PCR  [A]  and 
immunoblotting  (B).  Lines  ( — )  indicate  control  hair¬ 
pins  against  firefly  or  renilla  luciferase.  Data  are  repre¬ 
sented  as  mean  ±  SD.  The  P- values  were  calculated  by 
Student's  t-test.  (C-E)  Knockdown  of  Tks5iong, 
Hgma2,  or  Snail  dampens  the  metastatic  ability  of 
394T4  TnonMet-shNFC  cells  after  subcutaneous  trans¬ 
plantation.  ( C )  Validation  of  knockdown  by  immuno¬ 
blotting.  (D)  Representative  images  of  lungs  with 
tumor  nodules.  (£)  Quantification  of  lung  tumor  nod¬ 
ules.  Each  circle  represents  an  individual  mouse. 
Control  includes  TnonMet-shNFC  cells  ( n  =  10  mice) 
and  TnonMet-shNFC-sgRosa  cells  (n  =  4  mice); 
Tks5long  knockdown  was  generated  by  hairpins 
shTks5iong#l  (n  =  5  mice)  and  shTks5iong#2  [n  =  4 
mice),  Hmga2  knockdown  was  generated  by  hairpin 
shHmga2#l  [n  =  5  mice)  and  sgRNA  sgHmga2#2  (n 
=  4  mice),  and  Snail  knockdown  was  generated  by 
sgRNAs  sgSnail#l  [n  =  5  mice)  and  sgSnail#2  [n  =  4 
mice).  Data  are  represented  as  mean  ±  SEM.  The  P- 
values  were  calculated  by  Student's  t-test.  (*)  P< 
0.05;  (**)P<0.01. 
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Figure  6.  The  endogenous  expression  pattern  of  Nkx2-1,  Foxa2,  Cdx2,  and  Hmga2  correlates  with  tumor  progression  in  an  autochtho¬ 
nous  model  of  lung  adenocarcinoma.  [A-C)  Pairwise  correlation  of  Nkx2-1,  Foxa2,  and  Hmga2  expression  in  KP  lung  adenocarcinomas. 
[D-F]  Correlation  of  Nkx2-1,  Foxa2,  and  Hmga2  expression  in  KP  lung  adenocarcinomas  with  tumor  grades.  Tumor  regions  were  scored  as 
low  grade  (grades  1-3)  or  high  grade  (grade  4,  poorly  differentiated)  based  on  nucleo-cytoplasmic  morphology,  tumor  architecture,  and  the 
presence  of  stromal  invasion.  (G)  High  expression  of  Cdx2  in  KP  lung  adenocarcinomas  is  frequently  associated  with  low  expression  of 
Nkx2-1,  high  expression  of  Foxa2,  low-medium  expression  of  Hmga2,  and  low-grade  histology.  (77)  Representative  H&E  and  immunohis- 
tochemical  stainings  of  KP  lung  adenocarcinomas.  Bar,  150  pm.  The  insets  show  the  nucleo-cytoplasmic  morphology  of  the  tumor  cells. 
(7)  Model  summarizing  expression  changes  of  Nkx2-1,  Foxa2,  Cdx2,  and  Hmga2  in  lung  adenocarcinomas. 


Interestingly,  loss  of  Foxa2  expression  in  high-grade  tu¬ 
mors  often  lagged  behind  loss  of  Nkx2-1  (see  examples 
in  Fig.  6H,  third  column;  Supplemental  Fig.  S6A).  These 
observations  indicate  that  loss  of  Foxa2  expression  in  tu¬ 
mor  progression  does  not  occur  concurrently  with  loss 
of  Nkx2-1  but  happens  after  Nkx2-1  expression  is  lost 
(Fig.  61). 

Cdx2  staining  was  detected  in  a  significant  fraction  of 
these  lung  adenocarcinomas  (35  of  195;  ~20%),  albeit  at 
a  lower  frequency  than  the  staining  of  Nkx2-1  (139  of 
195;  — 70% )  and  Foxa2  (174  of  195;  — 90% ).  This  lower  fre¬ 
quency  of  Cdx2  staining  suggests  that  Cdx2  expression 
may  represent  a  transient  state  during  tumor  progression 
that  is  only  detectible  when  a  large  number  of  tumors 
are  analyzed.  Importantly,  the  Cdx2hlgh  tumors  showed 
a  consistent  pattern  that  argues  that  Cdx2  marks  an  in¬ 
termediate  state  of  tumor  progression  that  is  temporally 


situated  after  loss  of  Nkx2-1  but  before  loss  of  Foxa2  and 
full  activation  of  Hmga2  (Fig.  6G).  First,  the  vast  majority 
of  Cdx2high  tumor  areas  were  Nkx2-llow  (eight  of  nine, 
89%),  indicating  a  strong  anti-correlation  between  Cdx2 
and  Nkx2-1  expression.  Second,  tumor  sections  with 
high  Cdx2  levels  were  typically  Foxa2hlgh  (seven  of  nine, 
87% ).  In  fact,  all  of  the  Nkx2-llow  Foxa2hlgh  tumor  regions 
were  invariably  Cdx2hlgh  (six  of  six,  100%),  and  we  did  not 
observe  any  Nkx2-llow,  Foxa2low,  and  Cdx2hlgh  regions. 
Finally,  the  majority  of  Cdx2hlgh  tumor  regions  were 
Hmga2mlxed  (five  of  nine,  56% ),  whereas  only  a  small  frac¬ 
tion  was  Hmga2high  (two  of  nine,-  22%)  or  Hmga2low  (two 
of  nine;  22% ).  Even  though  some  of  these  Cdx2hlgh  regions 
were  found  adjacent  to  Hmga2hlgh,  high-grade,  and  poorly 
differentiated  areas,  Cdx2hlgh  regions  themselves  were  in¬ 
variably  well/moderately  differentiated  and  never  part  of 
the  poorly  differentiated  regions  (Fig.  6H,  third  column; 
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Supplemental  Fig.  S6A).  Collectively,  these  data  strongly 
suggest  that  Cdx2  marks  an  intermediate  state  of  tumor 
progression  (Fig.  61). 

An  alternative  model  that  could  explain  these  observa¬ 
tions  is  that  Cdx2- expressing  tumors  represent  a  "dead 
end"  differentiation  state  that  will  never  progress  to 
advanced  metastatic  tumors.  However,  multiple  lines  of 
evidence  argue  against  this  model.  First,  within  a  single 
tumor,  well/moderately  differentiated  tumor  regions 
with  strong  Cdx2  expression  and  weak  Hmga2  expression 
were  frequently  associated  with  adjacent  poorly  differen¬ 
tiated  regions  that  exhibit  a  reciprocal  expression  pattern 
of  low  Cdx2  staining  and  intense  Hmga2  staining  (Fig.  6H, 
third  column;  Supplemental  Fig.  S6A).  Second,  cell  line- 
based  experiments  showed  that  knockdown  of  Nkx2-1 
in  TnonMet  cells  derepressed  Cdx2  mRNA  and  protein  lev¬ 
els,  while  knockdown  of  Foxa2  in  TnonMet-shN  cells  re¬ 
duced  Cdx2  levels  (Supplemental  Fig.  S6B,C),  suggesting 
that  Cdx2  expression  in  these  tumor  cells  is  plastic  and 
can  be  regulated  by  changes  in  expression  of  Nl<x2-1  and 
Foxa2.  Furthermore,  ChIP-qPCR  analysis  detected  bind¬ 
ing  of  Nkx2-1  and  Foxa2  to  an  enhancer  downstream 
from  the  genomic  locus  of  Cdx2  (Supplemental  Fig. 
S6D).  Based  on  these  findings,  we  propose  a  model  for 
the  regulation  of  Cdx2  expression  in  lung  adenocarcinoma 
in  which  transcription  of  Cdx2  is  inhibited  by  binding  of 
Nkx2-1  to  a  nearby  enhancer  region.  Upon  loss  of  Nkx2- 
1,  expression  of  Cdx2  is  derepressed  in  a  manner  depen¬ 
dent  on  Foxa2  binding  to  the  same  enhancer  (Supplemen¬ 
tal  Fig.  S6E). 

Taken  together,  these  observations  suggest  that  lung 
adenocarcinoma  progress  from  early  tumors  that  express 
Nl<x2-1  and  Foxa2  (Fig.  61).  Over  time,  Nkx2-1  is  silenced, 
leading  to  activation  of  Cdx2  and  partial  activation  of 
metastasis-promoting  genes  such  as  Hmga2  in  at  least  a 
subset  of  tumors.  Finally,  suppression  of  Foxa2  leads  to  re¬ 
duced  Cdx2  expression,  and  the  combined  loss  of  Nkx2-1, 


Foxa2,  and  Cdx2  leads  to  complete  derepression  of  Hmga2 
and  other  metastasis-promoting  genes,  resulting  in  full 
acquisition  of  metastatic  potential. 

Nkx2-1,  Foxa2,  and  Cdx2  gene  expression 
signatures  predict  clinical  outcomes  of  lung 
adenocarcinoma  patients 

We  next  asked  whether  our  observations  could  provide 
prognostic  information  relevant  to  human  lung  adenocar¬ 
cinomas.  To  this  end,  we  analyzed  RNA-seq  expression 
data  for  488  lung  adenocarcinoma  primary  tumors  from 
patients  with  stage  I-IV  disease  from  The  Cancer  Genome 
Atlas  (TCGA,  http://cancergenome.nih.gov).  Unsuper¬ 
vised  signature  analysis  (see  the  Supplemental  Material) 
of  the  expression  patterns  of  NKX2-1,  FOXA2,  CDX2, 
and  HMGA2  in  these  tumors  revealed  three  gene  expres¬ 
sion  signatures  (Fig.  7A,B).  Interestingly,  these  signatures 
closely  correlated  with  the  expression  patterns  of  Nkx2-1, 
Foxa2,  Cdx2,  and  Hmga2  in  the  KP  mouse  model  of  lung 
adenocarcinoma.  The  first  signature  is  driven  by  high 
expression  of  NKX2-1  and  FOXA2  as  well  as  low  expres¬ 
sion  of  HMGA2,  similar  to  the  early  tumors  in  mice. 
The  second  signature  is  characterized  by  high  expression 
of  CDX2,  similar  to  tumors  in  the  intermediate  state.  Fi¬ 
nally,  the  third  signature  is  characterized  by  high  expres¬ 
sion  of  HMGA2,  similar  to  advanced  tumors  in  our 
mouse  model.  While  the  gene  expression  patterns  in  these 
signatures  are  consistent  with  our  observations  in  the  KP 
model,  we  note  that  there  is  a  small  increase  of  FOXA2 
levels  in  the  third  signature  compared  with  the  second  sig¬ 
nature.  This  difference  from  our  KP  model  is  not  surpris¬ 
ing  given  the  larger  heterogeneity  and  complexity  that 
exist  in  human  lung  adenocarcinomas  compared  with 
the  genetically  engineered  model. 

Importantly,  these  signatures  also  strongly  corre¬ 
lated  with  clinical  outcomes  (Fig.  7C,D).  The  NKX2-1/ 
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Figure  7.  NKX2-1,  FOXA2,  CDX2,  and 
HMGA2  gene  expression  signatures  predict 
clinical  outcomes  of  lung  adenocarcinoma 
patients.  [A]  Heat  map  showing  the  expres¬ 
sion  patterns  of  NKX2-1,  FOXA2,  CDX2, 
and  HMGA2  in  signatures  identified  in 
TCGA  human  primary  lung  adenocarcino¬ 
ma  [n  =  488)  using  ICA.  [B]  Box  and  whisker 
plots  of  standardized  expression  levels  of 
NKX2-1,  FOXA2,  CDX2,  and  HMGA2  in 
each  signature.  The  horizontal  dashed  line 
reflects  the  mean  expression  level  across 
all  tumors.  The  Rvalues  were  calculated 
by  Student's  t- test.  (****)  PcO.OOOl.  [C-E] 
Analysis  of  the  top  10th  percentile  of  the 
488  lung  adenocarcinoma  patients  in  each 
signature  identified  by  ICA  shows  that  the 
three  signatures  correlate  with  disease 
stage  (C)  and  overall  survival  [P  =  0.0006 
by  log-rank  test)  (D).  [E]  Multivariate  Cox 
proportional  hazard  regression  analysis  of 
overall  survival  after  adjustments  for  gen¬ 
der,  age,  and  stage. 


1858 


GENES  &  DEVELOPMENT 


Downloaded  from  genesdev.cshlp.org  on  September  9,  2015  -  Published  by  Cold  Spring  Harbor  Laboratory  Press 


Foxa2,  Cdx2,  and  Nkx2-1  jointly  inhibit  metastasis 


FOXA2-driven  signature  and  the  CDX2-driven  signature 
were  associated  with  favorable  and  intermediate  disease 
stage  and  patient  survival,  respectively.  In  contrast,  the 
HMGA2-driven  signature  was  associated  with  the  worst 
stage  and  survival.  Furthermore,  the  prognostic  values  of 
these  four  gene  pattern-derived  signatures  were  more 
powerful  than  analysis  using  a  single  gene  alone  (data 
not  shown).  Finally,  a  multivariate  Cox  proportional  haz¬ 
ard  regression  analysis  showed  that  these  signatures  of 
gene  expression  pattern  were  significant  prognostic  fac¬ 
tors  independent  of  gender,  age,  and  disease  stage  (Fig. 
7E;  Supplemental  Fig.  S7A).  These  results  provide  further 
support  to  our  proposed  model  that  early-stage  tumors 
are  marked  by  NKX2-1  and  FOXA2  expression,  while 
intermediate  tumors  acquire  expression  of  CDX2,  and 
most  advanced  tumors  acquire  expression  of  HMGA2.  In¬ 
terestingly,  these  signatures  are  prognostic  for  survival 
outcome  even  for  patients  with  early-stage  disease  (i.e., 
stages  I  and  II),  suggesting  that  the  signatures  could  be 
informative  for  identifying  high-risk  patients  with  micro¬ 
metastatic  disease  who  may  benefit  from  adjuvant  treat¬ 
ment  after  surgical  tumor  resection  (Supplemental  Fig. 
S7B).  Taken  together,  these  data  argue  that  our  proposed 
model  for  lung  adenocarcinoma  progression  is  highly  rel¬ 
evant  for  human  cancer.  Our  findings  provide  important 
information  for  the  prognosis  of  lung  adenocarcinoma  pa¬ 
tients  and  may  inform  the  future  development  of  thera¬ 
peutic  strategies  for  this  highly  metastatic  disease. 


Discussion 

In  this  study,  we  present  evidence  from  the  auto¬ 
chthonous  KP  model  of  lung  adenocarcinoma,  derivative 
cell  lines,  and  human  patients  that  together  demonstrate 
that  Nkx2-1,  Foxa2,  and  Cdx2  function  collectively  to 
suppress  metastatic  progression  of  lung  adenocarcinoma. 
We  found  that  loss  of  Nkx2-1,  Foxa2,  and  Cdx2  profoundly 
enhanced  metastasis  in  a  subcutaneous  transplantation 
model  compared  with  loss  of  a  single  factor  alone.  In  par¬ 
ticular,  these  three  factors  regulated  metastasis  by  acting 
on  multiple  steps  of  the  metastatic  cascade:  Loss  of  Nkx2- 
1  alone  promoted  colonization  at  distant  sites,  whereas 
combined  loss  of  Nkx2-1,  Foxa2,  and  Cdx2  cooperated 
to  promote  tumor  cell  migration.  The  observed  increase 
in  metastatic  ability  upon  loss  of  Nkx2-1,  Foxa2,  and 
Cdx2  can  be  explained  by  activation  of  a  network  of  tran¬ 
scriptional  targets  that  account  for  a  large  and  signifi¬ 
cant  fraction  of  the  gene  expression  alterations  between 
TnonMet  and  TMet/Met  cells.  These  target  genes  include 
the  invadopodia  component  Tks5iong,  the  embryonal 
proto-oncogene  Hmga2,  and  the  EMT  mediator  Snail,  all 
of  which  functionally  contribute  to  metastasis.  Further¬ 
more,  analysis  of  autochthonous  lung  tumors  in  the  KP 
model  revealed  a  strong  correlation  between  loss  of  ex¬ 
pression  of  these  three  factors  and  tumor  progression  to 
an  advanced,  poorly  differentiated,  and  metastatic  state. 
Finally,  in  human  lung  adenocarcinoma,  the  expression 
patterns  of  NKX2-1,  FOXA2,  CDX2,  and  HMGA2  predict¬ 
ed  tumor  differentiation  states  that  significantly  correlat¬ 


ed  with  disease  stage  and  survival  outcome.  Thus,  our 
results  are  highly  relevant  for  the  human  disease  and 
provide  prognostic  information  for  lung  adenocarcinoma 
patients. 

Combining  these  data,  we  propose  a  model  for  lung  ad¬ 
enocarcinoma  progression  (Fig.  61).  This  model  starts  with 
high  Nkx2-1  and  Foxa2  expression  that  restrains  tumors 
in  a  well-differentiated,  nonmetastatic  state.  Subsequent 
loss  of  Nl<x2-1  expression,  presumably  as  a  result  of  extra¬ 
cellular  stimulatory  signals  or  intracellular  stochastic  al¬ 
terations  in  gene  expression,  leads  to  activation  of  Cdx2, 
shifting  the  cells  to  an  aberrant,  albeit  still  differentiated, 
state.  Finally,  suppression  of  Foxa2  leads  to  loss  of  Cdx2, 
and  these  alterations  synergize  with  silencing  of  Nkx2-1 
to  induce  a  dedifferentiated  stem-like  state  in  the  tumor 
cells,  leading  to  activation  of  a  metastasis  program. 

Our  findings  provide  two  important  conclusions.  First, 
Nkx2-1,  Foxa2,  and  Cdx2  can  function  as  key  regulatory 
nodes  in  transcriptional  regulation  of  the  metastasis  pro¬ 
gram.  Our  data  strongly  suggest  that  a  relatively  small 
number  of  factors  could  be  responsible  for  the  vast 
amount  of  gene  expression  alterations  in  metastasis.  It  is 
very  likely  that  only  a  subset  of  the  gene  expression  chang¬ 
es  induced  by  loss  of  Nkx2-1,  Foxa2,  and  Cdx2  is  a  direct 
target  of  these  three  factors,  while  other  targets  may  be 
indirectly  controlled  via  secondary  transcription  factors 
downstream  from  Nkx2-1,  Foxa2,  and  Cdx2.  The  fact 
that  suppression  of  Nkx2-1,  Foxa2,  and  Cdx2  is  sufficient 
to  derepress  this  network  of  metastasis-related  genes  also 
suggests  that  the  transcriptional  activators  for  a  subset  of 
these  target  genes  may  be  expressed  in  tumors  and  there¬ 
fore  available  to  act  upon  loss  of  these  three  transcription¬ 
al  suppressors.  As  such,  while  there  are  multiple  pathways 
regulating  the  metastasis  program,  Nkx2-1,  Foxa2,  and 
Cdx2  function  as  three  central  regulatory  nodes  in  govern¬ 
ing  transcriptional  programs  that  together  restrain  tumor 
metastasis. 

Second,  the  roles  of  Nkx2-1,  Foxa2,  and  Cdx2  in  regulat¬ 
ing  metastasis  underscore  the  intricate  links  between  dys- 
regulated  differentiation  and  metastasis  progression. 
Striking  overlaps  exist  between  genes  involved  in  devel¬ 
opment  and  cancer  (Kho  et  al.  2004;  Liu  et  al.  2006; 
Ben-Porath  et  al.  2008;  Kopantzev  et  al.  2008).  All  three 
transcription  factors  in  this  study  are  well-established 
developmental  regulators.  Nkx2-1  and  Foxa2  are  impor¬ 
tant  developmental  regulators  of  the  lungs  as  well  as  other 
endoderm-derived  organs  (Kimura  et  al.  1996;  Zhou  et  al. 
1997;  Minoo  et  al.  1999;  Wan  et  al.  2005).  Nkx2-1  is  a 
homeodomain-containing  transcription  factor  essential 
for  differentiation  of  the  lungs  during  early  embryogenesis 
(Kimura  et  al.  1996).  In  the  lungs,  Nkx2-1  is  expressed  in 
all  epithelial  cells  in  early  pulmonary  development  but 
becomes  progressively  restricted  to  alveolar  type  II  and 
Club  cells  in  adults  (Minoo  et  al.  1999),  where  Nkx2-1  ac¬ 
tivates  expression  of  pulmonary-specific  genes,  including 
SftpA,  SftpB,  SftpC,  and  CCSP  (Minoo  et  al.  1999).  Foxa2 
is  a  forkhead  transcription  factor  that  is  expressed  in 
the  endoderm  and  cooperates  with  its  paralog,  Foxal,  in 
mediating  organogenesis  of  the  lungs  as  well  as  the  stom¬ 
ach,  intestine,  liver,  pancreas,  and  other  organs  (Kaestner 
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2010).  Foxa2  is  important  for  alveolarization  of  the  lungs 
during  development  (Wan  et  al.  2004).  Adult  lungs  express 
Foxa2  in  the  bronchiolar  epithelium  and  alveolar  type  II 
cells  (Besnard  et  al.  2004).  Interestingly,  while  Foxa2  ex¬ 
pression  and  function  overlap  largely  with  Foxal,  we  did 
not  see  differential  expression  of  Foxal  between  TnonMet 
and  TMet/Met  cells  (Supplemental  Fig.  S8).  In  contrast  to 
Nkx2-1  and  Foxa2,  the  expression  of  Cdx2  is  not  apprecia¬ 
bly  expressed  in  normal  embryonic  or  adult  lungs.  Instead, 
as  a  member  of  the  Caudal-type  homeobox  protein,  Cdx2 
is  required  for  intestine  morphogenesis  during  embryonic 
development  and  is  expressed  in  the  small  and  large  intes¬ 
tines  in  adults  (Beck  and  Stringer  2010).  Cdx2  also  func¬ 
tions  in  an  earlier  stage  in  development  for  trophoblast 
formation  and  axial  patterning  (Beck  and  Stringer  2010). 
While  detection  of  Cdx2  expression  in  the  KP  lung  adeno¬ 
carcinoma  is  perhaps  surprising,  it  is  unlikely  to  be  an  ar¬ 
tifact  of  the  mouse  model,  as  other  studies  on  human  lung 
adenocarcinomas  have  reported  expression  of  Cdx2  in  a 
subset  of  patients,  although  the  role  of  Cdx2  in  this  con¬ 
text  was  not  previously  understood  (Yatabe  et  al.  2004; 
Grimminger  et  al.  2009). 

Our  findings  reflect  the  redundant  nature  of  the  cellular 
differentiation  program  in  impeding  tumor  progression. 
The  lungs  and  the  intestines  are  developmentally  related, 
as  they  are  both  derived  from  the  developing  gut  tube.  We 
showed  that,  during  progression  of  lung  adenocarcinoma, 
partial  loss  of  the  lung  differentiation  program  by  silenc¬ 
ing  of  Nkx2-1  can  lead  to  aberrant  activation  of  an  alter¬ 
native  differentiation  program  of  the  intestine  that  is 
driven  by  Cdx2  in  at  least  a  subset  of  these  tumors.  The 
activation  of  the  latent  intestinal  program  may  serve  as 
a  redundant  mechanism  in  the  cells  to  restrain  tumor 
dedifferentiation  and  metastatic  progression.  Subsequent 
loss  of  both  the  pulmonary  and  intestinal  differentiation 
programs  upon  silencing  of  Nkx2-1,  Foxa2,  and  Cdx2  ex¬ 
pression  is  required  for  full  progression  to  a  cellular  state 
of  more  primitive  differentiation  and  higher  metastatic 
potential.  This  hypothesis  about  redundancy  is  further 
corroborated  by  the  results  from  a  previous  study  in  our 
laboratory,  which  showed  that  deletion  of  Nkx2-1  alone 
in  the  KP  model  of  lung  adenocarcinoma  was  not  suffi¬ 
cient  to  promote  metastasis  (Snyder  et  al.  2013).  In  fact, 
loss  of  Nkx2-1  expression  early  at  tumor  initiation  led 
to  activation  of  a  gastric  differentiation  program  driven 
by  Hnf4a,  Foxal,  and  Foxa2  in  these  cancer  cells.  In  this 
study,  loss  of  Nkx2-1  at  a  later  stage  of  tumor  progression, 
as  opposed  to  at  tumor  initiation,  activated  the  expression 
of  Cdx2  instead  of  Hnf4a.  This  difference  may  reflect  the 
different  cellular  states  of  early  and  late  tumors  and  the 
existence  of  multiple  possible  alternative  differentiation 
states  in  the  progression  of  the  same  tumor  type.  Interest¬ 
ingly,  the  aberrant  activation  of  Cdx2  has  also  been  iden¬ 
tified  to  induce  intestinal  differentiation  in  other  tumor 
types,  including  gastric  cancer,  esophageal  cancer,  nasal 
adenocarcinoma,  pancreatic  cancer,  and  ovarian  cancer, 
and  in  some  cases  has  been  shown  to  associate  with  favor¬ 
able  prognosis  (Mizoshita  et  al.  2003;  Yuasa  2003;  Guo 
et  al.  2004;  Matsumoto  et  al.  2004).  These  studies,  togeth¬ 
er  with  our  findings,  strongly  suggest  that  the  activation 


of  a  Cdx2-driven  alternative  differentiation  program  in 
tumors  may  be  a  common  phenomenon  in  the  evolution 
of  cancer  development  and  may  serve  as  a  mechanism 
to  restrain  malignant  progression. 

Our  study  has  shown  that  the  developmental  transcrip¬ 
tion  factors  Foxa2  and  Cdx2  function  cooperatively  with 
Nkx2-1  as  important  regulators  in  inhibiting  metastasis 
of  lung  adenocarcinoma.  These  data  provide  strong  evi¬ 
dence  for  the  important  roles  of  active  and  latent  de¬ 
velopmental  regulators  in  restraining  the  programs  of 
tumor  dedifferentiation  and  metastatic  progression.  Our 
findings  also  demonstrate  that  while  the  pathways  in 
the  metastasis  program  are  diverse  and  complex,  they 
can  be  controlled  by  a  small  number  of  transcription  fac¬ 
tors  that  together  govern  a  network  of  downstream  targets 
to  regulate  metastasis. 

Materials  and  methods 

Autochthonous  K-rasG12D/WT;  p53~/_  lung 
tumors  and  derivative  cell  lines 

Lung  tumors  were  initiated  via  intratracheal  delivery  of  Lenti-Cre 
or  Adeno-Cre  in  K-rasLSL  G12D/WT;  pS3s'mls'm  mice  as  described 
previously  (DuPage  et  al.  2009).  The  Massachusetts  Institute  of 
Technology  Institutional  Animal  Care  and  Use  Committee  ap¬ 
proved  all  animal  studies  and  procedures. 

TnonMet,  TMet,  and  Met  cell  lines  were  generated  previously  us¬ 
ing  Lenti-Cre-initiated  primary  tumors  and  metastases  harvested 
at  6-14  mo  post-infection  (Winslow  et  al.  201 1 ).  All  cell  lines  were 
cultured  in  complete  medium  (DMEM  with  10%  FBS,  50  U/mL 
penicillin,  50  mg/mL  streptomycin).  Five  TnonMet  cell  lines 
(368T1,  393T1,  394T4,  802T4,  and  2557T1),  six  TMet  cell  lines 
(373T1,  373T2,  389T2,  393T3,  393T5,  and  482T1)  and  five  Met 
cell  lines  (373N1,  393N1,  393M1,  482N1,  and  482M1)  were 
used  for  subsequent  gene  expression  analysis  and/or  functional 
experiments  in  this  study. 

Transplantation  assays  for  metastasis 

For  subcutaneous  transplantation,  5  x  104  cells  resuspended  in 
100  pL  of  PBS  were  injected  under  the  skin  on  the  hind  flank  of 
nude  mice.  Mice  were  analyzed  6.5  wk  after  injection.  For  intra¬ 
venous  transplantation,  5  x  104  cells  resuspended  in  100  pL  of 
PBS  were  injected  into  the  lateral  tail  vein.  Animals  were  ana¬ 
lyzed  2.5  wk  after  injection. 

Intravital  imaging 

Multiphoton  imaging  of  GFP-labeled  tumors  was  performed  as 
described  previously  (Wyckoff  et  al.  2011).  Briefly,  subcutaneous 
tumors  at  5-6  wk  after  injection  were  exposed  by  skin  flap  surgery 
performed  on  anesthetized  animals.  Tumors  were  imaged  with 
an  Olympus  FV1000  multiphoton  microscope  using  a  25x,  1.05 
NA  water  immersion  objective  with  correction  lens.  Thirty- 
minute  time-lapse  movies  were  analyzed  for  numbers  of  migrato¬ 
ry  GFP-positive  tumor  cells  using  ImageJ.  Three  mice  were  used 
per  condition,  with  four  to  seven  fields  imaged  per  mouse. 

In  vivo  fine-needle  collection  assay 

The  in  vivo  invasion  assay  was  performed  as  previously  des¬ 
cribed  (Wyckoff  et  al.  2000).  In  brief,  four  to  six  catheterized 
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microneedles  held  in  place  by  micromanipulators  were  inserted 
into  the  primary  tumor  of  an  anesthetized  mouse.  Needles  con¬ 
tained  a  mixture  of  10%  Matrigel  and  0.01  mM  EDTA  with  L- 
15  medium  ±10%  FBS.  After  4  h,  the  contents  of  the  needle 
were  extruded,  and  the  total  number  of  tumor  cells  that  migrated 
into  each  needle  was  quantified  using  DAPI.  Three  mice  were 
used  per  condition. 
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ABSTRACT  During  breast  cancer  progression,  alternative  mRNA  splicing  produces  function¬ 
ally  distinct  isoforms  of  Mena,  an  actin  regulator  with  roles  in  cell  migration  and  metastasis. 
Aggressive  tumor  cell  subpopulations  express  MenaINV,  which  promotes  tumor  cell  invasion 
by  potentiating  EGF  responses.  However,  the  mechanism  by  which  this  occurs  is  unknown. 
Here  we  report  that  Mena  associates  constitutively  with  the  tyrosine  phosphatase  PTP1 B  and 
mediates  a  novel  negative  feedback  mechanism  that  attenuates  receptor  tyrosine  kinase 
signaling.  On  EGF  stimulation,  complexes  containing  Mena  and  PTP1B  are  recruited  to  the 
EGFR,  causing  receptor  dephosphorylation  and  leading  to  decreased  motility  responses. 
Mena  also  interacts  with  the  5'  inositol  phosphatase  SHIP2,  which  is  important  for  the  recruit¬ 
ment  of  the  Mena-PTPI  B  complex  to  the  EGFR.  When  MenaINV  is  expressed,  PTP1 B  recruit¬ 
ment  to  the  EGFR  is  impaired,  providing  a  mechanism  for  growth  factor  sensitization  to  EGF, 
as  well  as  HGF  and  IGF,  and  increased  resistance  to  EGFR  and  Met  inhibitors  in  signaling  and 
motility  assays.  In  sum,  we  demonstrate  that  Mena  plays  an  important  role  in  regulating 
growth  factor-induced  signaling.  Disruption  of  this  attenuation  by  MenaINV  sensitizes  tumor 
cells  to  low-growth  factor  concentrations,  thereby  increasing  the  migration  and  invasion  re¬ 
sponses  that  contribute  to  aggressive,  malignant  cell  phenotypes. 
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INTRODUCTION 

Tumor  initiation,  growth,  and  malignant  progression  are  governed 
by  interactions  between  cancer  cells  and  their  microenvironment 
(Hanahan  and  Weinberg,  2011).  Aggressive,  invasive  cancer  cells 
exit  the  primary  tumor  in  response  to  growth  factors,  extracellular 
matrix  (ECM)  proteins,  and  other  signals  that  cause  them  to  invade 
surrounding  tissue.  After  extravasation,  invasive  cells  migrate  to 
and  enter  blood  or  lymphatic  vessels  and  are  transported  to  sites  of 
metastasis  (Joyce  and  Pollard,  2009).  Invading  cells  encounter 
numerous  signals  that  trigger  multiple  intracellular  pathways,  whose 
activity  is  integrated  to  evoke  appropriate,  spatiotemporally  coordi¬ 
nated  responses.  Tumor  cell  migration  within  this  complex  microen¬ 
vironment  requires  continuous,  coordinated  cytoskeletal  remodel¬ 
ing,  which  matches  corresponding  dynamic  changes  in  cell-matrix 
and  cell-cell  adhesion  (Bear  and  Haugh,  2014).  Although  distinct 
tumor  cell  migration  modalities  have  been  described  (Petrie  and 
Yamada,  2012),  motility  is  typically  initiated  by  rapid  actin  polymer¬ 
ization-driven  membrane  protrusion  in  response  to  acute  activation 
of  epidermal  growth  factor  receptor  (EGFR)  and  other  receptor  ty¬ 
rosine  kinases  (RTKs;  Nurnberg  et  a/.,  201 1 ;  Roussos  et  al.,  201 1  b). 
Many  aspects  of  RTK-regulated  actin  remodeling  have  been  estab¬ 
lished  (Bear  and  Haugh,  2014),  but  little  is  known  about  whether,  or 
how,  actin  networks  provide  feedback  to  RTKs. 

The  Mena  protein  acts  via  multiple  processes  that  are  important 
for  tumor  cell  invasion  and  metastasis:  actin  polymerization,  adhe¬ 
sion,  and  EGF-elicited  motility  responses  (Gertler  and  Condeelis, 
201 1).  Mena  and  the  related  vasodilator-stimulated  phosphoprotein 
(VASP)  and  EVL  proteins  are  members  of  the  EnaA/ASP  family,  which 
increase  F-actin  elongation  rates  and  delay  the  termination  of  fila¬ 
ment  growth  by  capping  proteins  (Bear  and  Gertler,  2009;  Hansen 
and  Mullins,  2010;  Breitsprecher  et  al.,  2011).  EnaA/ASP  proteins 
localize  primarily  to  lamellipodia  and  filopodia  and  sites  of  cell-ma¬ 
trix  and  cell-cell  adhesion  (Pula  and  Krause,  2008).  They  contain  two 
highly  conserved  regions — an  N-terminal  Ena/VASP  homology 
(EVH)  1  domain  and  a  C-terminal  EVH2  domain — as  well  as  a  central 
polyproline-rich  core.  The  EVH1  domain  mediates  protein-protein 
interactions  and  typically  binds  to  molecules  via  a  conserved  pro¬ 
line-rich  motif  (Ball  et  al.,  2002).  The  EVH2  domain  harbors  actin- 
binding  motifs  and  a  coiled-coil  that  mediates  formation  of  stable 
Ena/VASP  tetramers  (Pula  and  Krause,  2008).  Mena  also  contains  an 
LERER  repeat  region  not  found  in  other  Ena/VASP  proteins,  and 
multiple  functionally  distinct  Mena  isoforms  are  produced  from  al¬ 
ternatively  spliced  Mena  mRNAs  (Gertler  and  Condeelis,  201 1). 

Mena  is  up-regulated  in  breast  cancers  and  other  solid  tumor 
types  (Gertler  and  Condeelis,  201 1).  The  aggressive  mortality,  mor¬ 
bidity,  and  metastatic  burden  associated  with  the  polyoma  middle  T 
antigen-mouse  mammary  tumor  virus  transgenic  mouse  breast  can¬ 
cer  model  is  almost  fully  eliminated  by  genetic  ablation  of  Mena; 
Mena  deficiency  does  not  affect  tumor  formation  or  growth  but 
does  slow  progression  and  decreases  tumor  cell  invasion,  intravasa- 
tion,  and  metastasis  (Roussos  eta/.,  2010).  Highly  migratory  and  in¬ 
vasive  tumor  cell  subpopulations  produce  Mena  mRNAs  that  con¬ 
tain  a  57-nucleotide,  alternately  included  exon  (designated  INV)  to 
produce  MenaINV  (Gertler  and  Condeelis,  2011).  Further,  MenaINV 
mRNA  levels  in  biopsies  correlate  with  the  density  of  Tumor  Micro¬ 
environment  of  Metastasis  (Roussos  et  al.,  2011c;  Pignatelli  et  al., 
2014),  a  prognostic  indicator  of  metastatic  risk  that  consists  of  a 
Mena-expressing  carcinoma  cell,  an  endothelial  cell,  and  a  macro¬ 
phage  that  are  all  in  contact  (Robinson  et  al.,  2009;  Rohan  et  al., 
2014).  MenaINV  has  effects  on  tumor  cell  behavior  that  are  potent 
but  differ  from  those  of  Mena  in  magnitude,  type,  or  both  (Gertler 
and  Condeelis,  201 1).  Ectopic  MenaINV  sensitizes  carcinoma  cells  to 


EGF  and  allows  them  to  extend  lamellipodia,  chemotax,  or  invade 
in  response  to  significantly  lower  concentrations  of  EGF  than  re¬ 
quired  for  similar  responses  by  control  cells  (Philippar  et  al.,  2008; 
Roussos  et  al.,  2011a).  Ectopic  MenaINV  also  increases  invasion,  in- 
travasation,  and  lung  metastasis  from  xenograft  mammary  tumors. 
The  mechanisms  underlying  MenaINV-driven  increases  in  metastatic 
potential  and  tumor  cell  sensitivity  to  EGF  are  unknown. 

Here  we  show  that  Mena  participates  in  a  mechanism  that  at¬ 
tenuates  RTK  signaling  by  interacting  with  the  tyrosine  phosphatase 
PTP1  B  and  the  5'  inositol  phosphatase  SHIP2.  Expression  of  MenaINV 
disrupts  this  regulation  and  results  in  a  prometastatic  phenotype 
characterized  by  increased  RTK/activation  signaling  from  low  ligand 
stimulation  and  decreased  sensitivity  to  targeted  RTK  inhibitors. 
Overall  our  findings  explain  why  MenaINV-expressing  tumor  cells 
display  enhanced  sensitivity  to  several  growth  factors  both  in  vitro 
and  in  vivo. 

RESULTS 

MenaINV  increases  sensitivity  to  ligands  for  specific  RTKs 
and  confers  resistance  to  targeted  kinase  inhibitors 

Although  MenaINV  is  expressed  robustly  in  aggressive  tumor  cell 
populations  harvested  from  rodent  mammary  carcinomas,  and  in 
biopsies  of  human  breast  cancer  patients,  we  have  been  unable  to 
identify  immortalized  breast  cancer  cell  lines  that  express  more  than 
trace  amounts  of  the  MenaINV  mRNA  or  protein.  Thus,  to  facilitate 
analysis  of  the  mechanism  of  MenaINV-dependent  growth  factor  sen¬ 
sitization,  we  used  human  cell  lines  that  ectopically  express  green 
fluorescent  protein  (GFP)-Mena,  GFP-MenaINV,  or  GFP  alone.  Mena 
was  found  to  be  upregulated  ~1 0-fold  at  the  RNA  level  in  invasive 
tumor  cells  collected  from  primary  xenograft  tumors,  and  therefore 
we  engineered  our  cells  to  express  levels  roughly  comparable  to 
those  seen  in  invasive  cells  from  primary  tumors  (Wang  et  al.,  2004; 
Supplemental  Figure  SI).  As  expected,  MenaINV-expressing  cells  in¬ 
vaded  further  into  three-dimensional  (3D)  collagen  gels  (Figure  1A). 
When  looking  at  lamellipodial  protrusion,  an  assay  that  has  been 
described  as  accurately  predicting  3D  invasion  responses  (Meyer 
et  al.,  2012),  we  found  that  MenaINV-expressing  cells  exhibited  in¬ 
creased  lamellipodial  protrusion  in  response  to  fourfold-lower  EGF 
concentrations  than  required  to  elicit  similar  responses  by  GFP  con¬ 
trol  cells  (Figure  IB).  Supplemental  Figure  S2  shows  representative 
images  of  cells  treated  with  EGF  in  this  assay.  Our  engineered  hu¬ 
man  cell  lines  thus  faithfully  replicate  our  previously  published  re¬ 
sults  demonstrating  that  ectopic  expression  of  MenaINV  in  rat  MTLn3 
mammary  adenocarcinoma  cells  enhanced  protrusion  responses 
elicited  by  stimulation  with  low  EGF  concentrations  (Philippar  et  al., 
2008). 

In  addition  to  EGF,  other  growth  factors  can  drive  tumor  invasion 
and  metastasis.  We  thus  asked  whether  MenaINV  also  increased  sen¬ 
sitivity  to  three  other  breast  cancer-relevant  growth  factors — insu¬ 
lin-like  growth  factor  (IGF),  hepatic  growth  factor  (HGF),  and  neu- 
regulin  1  (NRG1;  Friedl  and  Alexander,  2011) — using  the 
lamellipodial  protrusion  assay.  Similar  to  the  sensitization  seen  with 
EGF,  ectopic  GFP-MenaINV  enabled  MDA-MB231  cells  to  extend  la¬ 
mellipodia  when  stimulated  with  significantly  lower  IGF  and  HGF 
concentrations  (20-  and  5-fold,  respectively)  than  required  for  simi¬ 
lar  responses  by  control  cells  (Figure  1,  C  and  D).  GFP-Mena-ex- 
pressing  cells  exhibited  approximately  twofold  increase  in  response 
to  IGF  and  HGF  (as  well  as  EGF);  however,  these  effects  were  mod¬ 
est  compared  with  those  induced  by  GFP-MenaINV  (Figure  1,  A-D). 
Thus  MenaINV  expression  evokes  enhanced  tumor  cell  responses, 
which  are  mediated  by  at  least  three  RTKs  relevant  to  breast  cancer 
progression:  EGFR,  IGFR,  and  Met  (receptors  for  EGF,  IGF,  and  HGF, 
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FIGURE  1  MenaINV  expression  confers  sensitivity  to  select  growth  factors.  (A)  Invasion 
distance  into  2  mg/ml  collagen  gel  in  full  serum  medium,  using  high-throughput  3D  collagen 
invasion  luvo  platform  (Bellbrook  Labs)  of  MDA-MB231  cells  expressing  different  Mena 
isoforms.  ***p  <  0.001  by  nonparametric  Kruskal-Wallis  test  and  Dunn's  multiple-comparison 
test.  (B)  Dose-response  of  lamellipodial  protrusion  in  MDA-MB231  cells,  reflected  by  fold 
change  in  cell  area  8  min  after  addition  of  EGF.  Results  shown  as  mean  ±  SEM.  Asterisks 
indicate  significant  difference  by  nonparametric  Kruskal-Wallis  test  and  Dunn's  multiple- 
comparison  test,  with  comparisons  indicated  by  lines  above;  35-158  cells/condition. 

(C-E)  Dose-response  of  lamellipodial  protrusion  in  MDA-MB231  cells,  reflected  by  fold  change 
in  cell  area  8  min  after  addition  of  IGF  (C),  HGF  (D),  or  NRG  (E).  Results  shown  as  mean  ±  SEM. 
Asterisks  indicate  significant  difference  by  nonparametric  Kruskal-Wallis  test  and  Dunn's 
multiple-comparison  test,  with  comparisons  indicated  by  lines  above;  35-158  cells/condition. 

(F)  Lamellipodial  protrusion  dose-response  8  min  after  costimulation  with  1  nM  EGF  or 
0.5  ng/ml  HGF  and  SU11274  or  erlotinib,  respectively.  Significance  measured  by  nonparametric 
Kruskal-Wallis  test  and  Dunn's  multiple-comparison  test;  *p  <  0.05,  ***p  <  0.001  as  indicated. 
See  also  Supplemental  Figures  SI  and  S2. 


respectively;  Alexander  and  Friedl,  2012).  Note,  however,  that  the 
response  to  NRG1,  a  ligand  for  HER3  and  HER4,  was  unaffected  by 
ectopic  GFP-Mena  or  GFP-MenaINV  (Figure  IE),  indicating  that  the 
potentiating  effects  of  MenaINV  on  RTK  ligand  sensitivity  specifically 
affect  only  a  subset  of  RTK  signaling  pathways.  Because  activation 
of  Met  by  HGF  decreases  the  efficacy  of  EGFR  TKIs  (Suda  et  a/., 
2010;  Gusenbauer  et  a/.,  2013),  we  asked  whether  the  MenaINV-me- 
diated  sensitivity  to  EGF  and  HGF  involved  cross-talk  between  the 
two  receptors  Inhibition  of  EGFR  using  the  EGFR  tyrosine  kinase 
inhibitor  (TKI)  erlotinib  or  of  Met  using  the  Met-TKI  inhibitor 


SU1 1274  in  MenaINV-expressing  cells  had  no 
effect  on  lamellipodial  protrusion  in  re¬ 
sponse  to  HGF  or  EGF,  respectively,  indicat¬ 
ing  that  the  increased  sensitivity  to  EGF  and 
HGF  observed  in  GFP-MenaINV-expressing 
cells  was  receptor  specific  (Figure  1 F). 

To  analyze  the  effects  of  MenaINV  on  tar¬ 
geted  RTK  inhibitors,  we  performed  dose- 
response  experiments  using  the  EGFR  TKI 
erlotinib  and  the  Met-TKI  SU11274.  Cells 
expressing  GFP-MenaINV  were  resistant  to 
at  least  10-fold-greater  inhibitor  than  re¬ 
quired  to  block  lamellipodial  protrusion  in 
GFP  control  cells  (Figure  2,  A  and  B).  Collec¬ 
tively  these  data  indicate  that  MenaINV  con¬ 
fers  increases  in  ligand  sensitivity  for 
responses  by  EGFR,  Met,  and  IGFR,  as  well 
as  in  resistance  to  EGFR-  and  Met-  tarqeted 
TKIs. 

MenaINV  dysregulates  tyrosine  kinase 
signaling 

To  address  whether  cell  behaviors  influ¬ 
enced  by  the  MenaINV-induced  increase  in 
EGF  sensitivity  and  resistance  to  erlotinib 
arise  from  increased  actin  polymerization 
(a  process  that  is  directly  modulated  by 
Mena),  by  a  specific  effect  on  EGFR  path¬ 
way  function,  or  both,  we  used  anti-pYl  173 
antibodies  to  measure  EGFR  phosphoryla¬ 
tion  levels.  We  observed  increased  phos¬ 
phorylation  in  cells  expressing  MenaINV 
compared  with  those  expressing  equiva¬ 
lent  levels  of  ectopic  Mena  or  GFP 
(Figure  3,  A  and  B).  Similarly,  expression  of 
MenaINV  in  a  second  triple-negative  breast 
cancer  cell  line,  BT-549,  also  significantly 
increased  EGFR  phosphorylation  at  Y1173 
(Supplemental  Figure  S3).  Despite  the  sig¬ 
nificant  differences  in  magnitude,  the  rela¬ 
tive  kinetics  of  EGFR  phosphorylation  were 
similar  across  the  cell  lines  stimulated  with 
0.25  nM  EGF  (Figure  3C)  and  mirrored  the 
kinetics  of  membrane  protrusion  in  MDA- 
MB-231  cells  expressing  MenaINV.  Mea¬ 
surement  of  EGFR  abundance  and  inter¬ 
nalization  indicated  thatthe  MenaINV~-driven 
increase  in  EGFR  phosphorylation  was  not 
attributable  to  increased  total  EGFR  pro¬ 
tein  level  or  altered  receptor  internaliza¬ 
tion  (Figure  3,  D  and  E).  Whereas  MenaINV 
expression  induced  a  small  (<  1 0%)  increase  in  surface  levels  of 
EGFR  (Figure  3F),  this  minor  increase  is  unlikely  to  account  for  the 
observed  MenaINV-dependent  enhanced  response  to  EGF,  given 
that  an  ~1 0-fold  increase  in  total  EGFR  level  is  required  to  increase 
lamellipodial  protrusion  detectably  at  the  EGF  concentrations 
tested  (Bailly  et  a/.,  2000).  Furthermore,  no  apparent  changes  in 
EGFR  clustering  or  spacing  were  evident  in  immuno-electron  mi¬ 
croscopy  analyses  (unpublished  data).  Overall  these  data  indicate 
that  the  increased  sensitivity  to  EGF  conferred  by  MenaINV  expres¬ 
sion  is  unlikely  to  arise  through  changes  in  EGFR  abundance  or 
distribution. 
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FIGURE  2:  MenaINV  expression  confers  resistance  to  targeted  kinase 
inhibitors.  (A)  Lamellipodial  protrusion  response  after  stimulation  with 
1  nM  EGF  and  increasing  erlotinib  doses.  Fold  change  in  cell  area 
calculated  8  min  poststimulation.  Results  shown  as  mean  ±  SEM; 
16-48  cells/condition.  Asterisks  indicate  significant  difference  by 
two-way  analysis  of  variance  (ANOVA).  (B)  Lamellipodial  protrusion 
dose-response  after  costimulation  with  0.5  ng/ml  HGF  and  increasing 
SU1 1274.  Fold  change  in  cell  area  calculated  8  min  poststimulation. 
Results  shown  as  shown  as  mean  ±  SEM;  39-71  cells/condition. 
Asterisks  indicate  significant  difference  by  two-way  ANOVA; 

*p  <  0.05,  **p  <  0.01,  and  ***p  <  0.001  as  indicated. 


We  reasoned  that  the  ligand-dependent  RTK  activation  that  leads 
to  MenaINV-induced  increases  in  membrane  protrusion  should  be  re¬ 
flected  in  increased  activity  of  downstream  signaling  pathways  that 
mediate  the  protrusion.  Analysis  of  several  canonical  signaling  com¬ 
ponents  downstream  of  EGFR  (such  as  Erk  and  Akt)  revealed  no  obvi¬ 
ous  effect  of  MenaINV  on  their  activities  despite  increased  activation 
of  the  receptor  itself  (Philippar  et  a/.,  2008).  In  breast  cancer  cells,  the 
actin  polymerization  needed  for  EGF-elicited  protrusion  is  initiated 
by  the  phospholipase  C  y  (PLCy)-cofilin  pathway  (van  Rheenen  et  a/., 
2007);  therefore  we  asked  whether  EGFR-dependent  activation  of 
PLCy  enzymatic  activity  is  altered  by  MenaINV.  PLCy  activity  can  be 
quantified  in  living  cells  by  measuring  the  abundance  of  its  substrate, 
phosphatidylinositol  4,5-bisphosphate  (PI(4,5)P2),  using  monomeric 
red  fluorescent  protein  (mRFP)-PLC8-PH,  a  reporter  that  is  localized 
to  the  plasma  membrane  by  binding  to  PI(4,5)P2  and  is  released  into 
the  cytosol  upon  its  hydrolysis  (van  Rheenen  et  a/.,  2007).  MDA- 
MB231  cells  were  unsuitable  for  this  assay  due  to  sensitivity  to 


expression  of  mRFP-PLC8-PH;  thus  we  performed  the  assay  in  MTLn3 
mammary  adenocarcinoma  cell  lines,  which  we  used  for  our  initial 
characterization  of  MenaINV-dependent  effects  on  metastasis 
(Philippar  et  a/.,  2008).  MenaINV  expression  increased  both  PI(4,5)P2 
hydrolysis  (Figure  3G)  and  cofilin  activity  (Figure  3H)  in  response  to 
significantly  less  EGF  than  required  to  trigger  similar  responses  in 
GFP  control  cells.  Consistent  with  these  data,  MenaINV-expressing 
cells  required  10-fold  more  erlotinib  than  controls  to  decrease  ligand- 
induced  EGFR  phosphorylation  significantly  (Figure  31).  We  conclude 
that  MenaINV  potentiates  EGF-elicited  responses  by  increasing  the 
activity  of  EGFR-mediated  signaling  pathways  that  are  upstream  of, 
and  are  required  for,  the  initiation  of  actin  polymerization. 

Mena  may  associate  with  the  tyrosine  phosphatase  PTP1 B 

Because  abundance,  surface  levels,  or  internalization  of  EGFR  did 
not  account  for  the  MenaINV-dependent  increases  in  receptor  phos¬ 
phorylation  and  downstream  signaling,  we  investigated  other 
mechanisms  that  could  increase  RTK  phosphorylation  at  a  low  li¬ 
gand  concentration.  Activated  RTKs  cycle  rapidly  between  phos¬ 
phorylation  and  dephosphorylation;  the  half-life  of  EGFR  tyrosine 
phosphorylation  is  -10-30  s  (Kleiman  eta/.,  2011).  Changes  in  the 
balance  of  this  rapid  cycling  are  believed  to  control  receptor  sensi¬ 
tivity  to  ligand  by  altering  net  kinase  activity.  We  hypothesized  that 
MenaINV-dependent  increases  in  ligand  sensitivity  could  arise  via  in¬ 
creased  net  receptor  phosphorylation  due  to  dysregulation  of  a 
phosphatase.  The  tyrosine  phosphatase  PTP1B  (PTPN1)  regulates 
EGFR,  IGFR,  and  MET-mediated  signaling  responses  (Haj  et  a/., 
2003;  Sangwan  et  a/.,  201 1),  and,  given  that  MenaINV  sensitizes  re¬ 
sponses  to  ligands  of  all  three  RTKs  (Figure  1),  we  asked  whether 
Mena  is  involved  in  PTP1  B  regulation. 

PTP1B  contains  the  sequence  LEPPPEHIPPPP,  with  similarities 
to  the  consensus  EVH1 -binding  motif  ([F/L/W/PX(j>P];  X  =  any  resi¬ 
due,  <|)  =  any  hydrophobic  residue;  Ball  et  a/.,  2002;  Pula  and 
Krause,  2008),  raising  the  possibility  that  PTP1B  binds  to  Mena 
through  its  EVH1  domain  and  thereby  allows  Mena/MenaINV  to 
modulate  RTK  dephosphorylation.  We  used  purified,  recombinant 
glutathione  S-transferase  (GST)-PTPI  B  and  His-Mini-Mena  pro¬ 
teins  to  test  whether  PTP1  B  can  bind  Mena  directly.  Immobilized 
GST-PTP1B,  but  not  the  immobilized  control  GST  protein,  bound 
to  soluble,  purified  His-Mini-Mena  in  vitro  (Figure  4A).  To  deter¬ 
mine  whether  endogenous  Mena  and  PTP1  B  are  present  in  protein 
complexes  in  situ,  we  used  proximity  ligation  assays  (PLAs).  To  con¬ 
firm  the  specificity  of  the  assay,  we  performed  control  PLAs  using 
only  one  antibody  or  in  Mena_/_  cells  (Supplemental  Figure  S4,  A 
and  B),  which  significantly  reduced  the  detected  PLA  signal.  Fur¬ 
thermore,  transient  knockdown  of  PTP1 B  expression  in  MDA- 
MB231  cells  also  reduced  the  Mena-PTPI  B  PLA  signal,  further  sup¬ 
porting  the  specificity  of  this  assay  for  Mena/PTPI  B-containing 
complexes  (Supplemental  Figure  S4,  C-E).  Significant  PLA  signal 
between  Mena  and  PTP1 B  was  observed  in  MDA-MB231  cells  and 
was  unchanged  by  EGF  stimulation,  indicating  that  Mena  and 
PTP1  B  are  in  complex  independent  of  EGFR  signaling  (Figure  4B). 
Quantification  of  Mena-PTPI  B  PLA  signal  abundance  across  four 
human  breast  cancer  cell  lines  revealed  that  the  amount  of  Mena- 
PTPI  B  PLA  signal  was  correlated  with  PTP1B  expression  levels 
(Figure  4,  C-E).  The  extremely  low  levels  of  MenaINV  normally  ex¬ 
pressed  in  cultured  cell  lines  precluded  use  of  PLA  to  determine 
whether  endogenous  MenaINV  is  present  in  complexes  with  PTP1  B. 
These  results,  however,  demonstrate  that  PTP1  B  and  Mena  can 
directly  bind  each  other  in  vitro  and  that  complexes  containing 
endogenously  expressed  Mena  and  PTP1 B  can  be  detected  within 
breast  cancer  cells  by  PLA. 
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FIGURE  3:  MenaINV  expression  does  not  affect  EGFR  presentation  but  increases  signaling 
pathway  activation  at  low  levels  of  EGF.  (A)  Representative  Western  blot  of  MDA-MB231  cells 
expressing  GFP,  GFP-Mena,  or  GFP-MenaINV  stimulated  after  bolus  stimulation  with  EGF  for 
3  min.  (B)  Quantification  of  EGFR  phosphorylation  at  Y1173  shown  in  A  by  densitometry.  Results 
are  mean  ±  SD;  three  experiments.  Asterisks  indicate  significant  difference  by  ANOVA  with 
Tukey  multiple-comparison  test  (*p  <  0.05  vs.  MDA-MB231-GFP  cells,  ***p  <  0.001).  (C)  Time 
course  of  EGFR  phosphorylation  at  Y1 173  in  response  to  0.25  nM  EGF.  Asterisks  indicate 
significant  difference  by  ANOVA  with  Tukey  multiple-comparison  test  (*p  <  0.05  vs.  MDA- 
MB231-GFP  cells  at  0.5  nM  or  **p  <  0.01  vs.  conditions  indicated  by  bar).  (D)  Total  EGFR 
protein  normalized  to  GFP  control  measured  by  ELISA,  n  >  10  for  each  bar  in  MDA-MB231  cells. 
Data  shown  as  mean  ±  SD.  (E)  Fraction  of  total  EGFR  internalized  at  basal  (no  EGF)  conditions  in 
serum-free  medium  after  30  min  at  37C.  Data  shown  as  mean  ±  range;  n  =  2.  (F)  Membrane  level 
of  EGFR  measured  by  biotin  labeling  of  surface  proteins,  EGFR  capture  ELISA,  and  detection  of 
protein  by  HRP-labeled  streptavidin  in  MDA-MB231  cells.  Data  normalized  to  GFP  control  cells 
in  each  experiment.  Data  shown  as  mean  ±  SD;  n  >  10  for  each  bar.  (G)  Fraction  of  PI(4,5)P2  lost 
from  the  cell  membrane  at  specified  time  after  EGF  stimulation,  measured  using  PLCS-PH 
domain  FRET  assay  in  MTLn3  cells.  *p  <  0.05  and  **p  <  0.01  vs.  GFP  at  respective  time  point 
using  ANOVA  with  Tukey  posttest.  (H)  Cofilin  activity,  reflected  by  the  amount  of  cofilin  bound 
to  actin  quantified  by  an  antibody  FRET  assay  300  s  after  EGF  stimulation  in  MTLn3  cells. 

*p  <  0.05  vs.  GFP  at  respective  EGF  concentration  using  two-tailed  ttest.  (I)  EGFR 
phosphorylation  dose-response  3  min  poststimulation  with  1  nM  EGF  and  increasing  erlotinib  in 
MDA-MB231  cells.  Data  shown  as  mean  ±  SEM;  ***p  <  0.001  vs.  MDA-MB231-GFP  and 
GFP-Mena  by  two-way  ANOVA.  See  Supplemental  Figure  S3. 


Inhibition  of  PTP1B  phosphatase  activity  phenocopies 
MenaINV  expression 

We  next  hypothesized  that  MenaINV  decreases  negative  regulation  of 
RTK  activity  by  PTP1 B  and,  thus,  that  specific  inhibition  of  PTP1 B  will 
mimic  some  or  all  of  the  effects  of  MenaINV  on  EGF  responses.  Treat¬ 
ment  with  a  specific  PTP1 B  inhibitor  increased  membrane  protrusion 


in  response  to  0.25  nM  EGF  by  both  MDA- 
MB231 -GFP-Mena-  and  GFP-expressing 
control  cells  but  not  in  MDA-MB231-GFP- 
MenaINV  cells  (Figure  5A).  Therefore  PTP1 B 
inhibition  mimics  MenaINV-dependent  in¬ 
creased  sensitivity  to  EGF  but  cannot  induce 
EGF  responses  of  greater  magnitude  in  cells 
expressing  MenaINV.  PTP1 B  inhibition  also 
increased  the  magnitude  and  kinetics  of 
membrane  protrusion  in  parental  MTLn3 
cells  in  response  to  0.5  nM  EGF,  confirming 
that  the  effects  of  PTP1 B  inhibition  were  not 
cell-type  dependent  (Supplemental  Figure 
S5A).  Further,  PTP1B  inhibition  did  not  in¬ 
crease  membrane  protrusion  in  cells  express¬ 
ing  MenaINV  in  response  to  0.125  nM  EGF 
(Supplemental  Figure  S5B),  a  concentration 
below  the  threshold  required  to  elicit  signifi¬ 
cant  membrane  protrusion  or  EGFR  activa¬ 
tion  in  MenaINV-expressing  cells  (Figure  IB), 
suggesting  that  PTP1 B  inhibition  alone  is  not 
sufficient  to  drive  membrane  protrusion  in¬ 
dependently  of  EGFR  activation. 

We  next  asked  whether  decreasing 
PTP1 B  activity  mimics  the  effects  of  MenaINV 
expression  on  EGF-dependent  tumor  cell 
invasion  in  vitro  or  in  vivo.  PTP1B  inhibition 
increased  EGF-elicited  invasion  of  MDA- 
MB231-GFP  and  -GFP-Mena-expressing 
cells  into  collagen  i  gels  but  had  no  signifi¬ 
cant  effect  on  cells  expressing  MenaINV 
(Figure  5B).  Expression  of  MenaINV  in  xeno- 
grafted  tumor  cells  decreases  the  concen¬ 
tration  of  EGF  required  for  efficient  chemo- 
taxis/invasion  by  25-fold  in  vivo  (Roussos 
et  at.,  201 1  a);  we  thus  asked  whether  PTP1 B 
inhibition  similarly  increases  the  EGF  sensi¬ 
tivity  of  invading  cells  in  tumors.  Consistent 
with  the  in  vitro  assays,  a  dose-response 
analysis  using  the  in  vivo  invasion  assay 
(Wyckoff  et  at.,  2000)  on  xenografts  showed 
that  PTP1  B  inhibition  increased  the  sensitiv¬ 
ity  of  control  cells  to  EGF:  maximal  tumor 
cell  invasion  was  elicited  into  needles  con¬ 
taining  5  nM  EGF,  a  fivefold-lower  concen¬ 
tration  than  normally  required  for  such  a  re¬ 
sponse  (Figure  5C).  Furthermore,  PTP1 B 
inhibition  had  no  effect  at  any  of  the  EGF 
concentrations  assayed  on  invasion  in  xeno¬ 
graft  tumors  arising  from  MenaINV-express- 
ing  cells  (Figure  5C).  In  sum,  these  data  indi¬ 
cate  that  PTP1 B  inhibition  mimics  the  effects 
of  MenaINV  on  EGF-elicited  motility,  chemo- 
taxis,  and  invasion  in  vitro  and  in  vivo  but 
does  not  increase  EGF  responses  in  cells 
that  express  MenaINV. 

Because  the  effects  of  MenaINV  on  biophysical  cell  responses  to 
EGF  are  mimicked  by  PTP1B  inhibition,  we  asked  whether  MenaINV 
similarly  dysregulated  EGFR  signaling.  Pretreatment  with  PTP1B  in¬ 
hibitor  increased  EGFR  Y1 173  phosphorylation  in  control  cells  stim¬ 
ulated  with  0.25  nM  EGF  but  failed  to  increase  Y1 1 73  phosphoryla¬ 
tion  further  in  MenaINV-expressing  cells  (Figure  5D).  In  addition, 
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FIGURE  4:  Mena  interacts  with  PTP1  B.  (A)  In  vitro  binding  assay  using  immobilized  GST-PTP1 B 
and  increasing  concentrations  of  soluble  His-Mini-Mena  (containing  Mena  EVH1  -LERER  domains 
linked  to  the  C-terminal  coiled-coil;  bottom  lanes).  Positive  control  with  GST-FP4  (top  lanes)  and 
negative  control  with  glutathione  beads  +  GST  alone  (middle  lanes)  included  to  demonstrate 
assay  specificity.  Blots  from  representative  experiment;  n  =  3.  (B)  Quantification  of  PLA  for 
PTP1 B  and  Mena  in  wild-type  MDA-MB231  ±  1  nM  EGF  for  60  s.  Data  shown  as  mean  ±  SEM. 
Specificity  of  assay  established  using  Mena"/_  mouse  embryonic  fibroblasts,  where  background 
signal  was  negligible  (data  not  shown).  (C)  Representative  images  for  PTP1  B-Mena  PLA  in  four 
breast  cancer  cell  lines:  MDA-MB231,  BT549,  MDA-MB453,  and  SkBr3.  (D)  Mena-PTPI  B  PLA 
across  four  human  breast  cancer  cell  lines  compared  with  signal  measured  in  wild-type  MDA- 
MB231  cells.  Data  shown  as  mean  PLA/pm2  normalized  to  MDA-MB231  ±  SEM  (E)  Western  blot 
showing  expression  of  Mena,  PTP1B,  and  EGFR  in  four  human  breast  cancer  cell  lines.  See 
Supplemental  Figure  S4. 


wild-type  MTLn3  cells  treated  with  the  PTP1  B  inhibitor  exhibited 
significantly  greater  PI(4,5)P2  hydrolysis  after  EGF  stimulation  (Sup¬ 
plemental  Figure  S5C),  similar  to  the  increased  PLCy  activity  exhib¬ 
ited  by  cells  expressing  MenaINV  (Figure  3). 

To  identify  other  network  participants  that  are  dysregulated  by 
MenaINV  expression,  we  used  liquid  chromatography-tandem  mass 
spectrometry  (LC-MS/MS)-based  phosphoproteomics  to  quantify  ty¬ 
rosine  phosphorylation  after  incubation  with  or  without  0.25  nM  EGF. 
We  detected  54  tyrosine  phosphorylation  sites  across  41  proteins  in 
at  least  biological  duplicate  (Supplemental  Figure  S6);  phosphoryla¬ 
tion  across  the  54  sites  was  significantly  higher  in  cells  expressing 
MenaINV  versus  control  cells  (p  =  0.015).  Of  the  identified  proteins, 
12  are  known  PTP1B  substrates;  as  a  group,  these  exhibited  signifi¬ 
cantly  higher  phosphorylation  in  MenaINV-expressing  cells  than  in 
controls  (p  =  0.0078);  however,  these  12  were  not  significantly  more 
phosphorylated  than  the  54  phosphorylation  sites  overall  (p  =  0.06). 

A  PTP1  B-Mena-SHIP2-EGFR  complex  is  dysregulated  upon 
MenaINV  expression 

Because  EGFR  is  a  known  PTP1B  substrate  (Haj  eta/.,  2003;  Mertins 
etal.,  2008)  and  we  identified  complexes  containing  both  Mena  and 


PTP1B  in  breast  cancer  cells,  we  examined 
whether  Mena  facilitates  formation  of  EGFR- 
PTP1B  complexes.  In  wild-type  MDA- 
MB231  cells,  complexes  containing  endog¬ 
enous  Mena-EGFR  were  detected  by  PLA 
(Figure  6A).  EGF  stimulation  increased 
abundance  of  the  PLA  signal,  indicating  that 
EGFR  activation  induces  formation  of  addi¬ 
tional  Mena-EGFR-containing  complexes 
(Figure  6B).  We  then  used  PLA  to  quantify 
EGFR-PTP1  B-containing  complexes  in 
GFP-,  GFP-Mena-,  and  GFP-MenaINV-ex- 
pressing  cells  before  and  after  EGF  treat¬ 
ment.  EGF  stimulation  increased  EGFR- 
PTP1B  PLA  in  cells  expressing  GFP  or 
GFP-Mena  but  had  no  effect  on  cells  ex¬ 
pressing  MenaINV  (Figure  6,  C  and  D).  Tran¬ 
sient  knockdown  of  PTP1 B  expression  in 
MDA-MB231-GFP-Mena  cells  reduced  the 
EGFR-PTP1B  PLA  signal,  indicating  that  as¬ 
say  detected  PTP1  B/EGFR-containing  com¬ 
plexes  specifically  (Supplemental  Figure 
S7A).  Therefore  MenaINV  expression  blocks 
EGF-elicited  recruitment  of  PTP1  B  to  EGFR, 
providing  a  potential  explanation  for  the  in¬ 
creased  receptor  phosphorylation  in  cells 
expressing  MenaINV  (Figure  3). 

All  Mena  isoforms  are  likely  maintained 
as  stable  tetramers  by  their  conserved  C- 
terminal  tetramerization  domains  (Gertler 
and  Condeelis,  2011)  and  thus  contain 
EVH1  domains  at  the  N-terminal  ends  of 
each  of  the  four  subunits.  Given  their 
modular  composition,  the  subunits  of  a 
Mena  tetramer  could  potentially  bind  and 
link  together  up  to  four  distinct  EVH1  li¬ 
gands.  Therefore  we  asked  whether  an¬ 
other  Mena  EVH1 -binding  protein  recruits 
Mena-PTPI  B  complexes  to  EGFR  upon 
receptor  activation.  We  identified  SH1P2,  a 
5'  inositol  phosphatase  that  dephosphory- 
lates  phosphatidylinositol  3,4,5-trisphosphate  to  generate  phos- 
phatidylinositol  3,4-bisphosphate  (PI(3,4)P2)  in  our  mass  spec¬ 
trometry  screen  as  one  of  the  41  proteins  phosphorylated  in 
EGF-stimulated  MDA-MB231  cells  (Supplemental  Figure  S6).  On 
EGF  stimulation,  SHIP2  is  recruited  rapidly  into  complexes  with 
activated  EGFR  (Pesesse  et  a/.,  2001).  We  inspected  the  SHIP2 
sequence,  found  four  canonical  EVHI-binding  motifs,  and  veri¬ 
fied  by  coimmunoprecipitation  (colP)  that  endogenous  SHIP2  as¬ 
sociates  with  Mena  (Figure  7A). 

The  foregoing  observations  led  us  to  test  the  hypothesis  that 
SH1P2  can  recruit  Mena-PTPI  B  complexes  to  activated  EGFR  by 
binding  to  one  or  more  EVH1  domains  in  Mena  tetramers.  If 
SH1P2  links  Mena-PTPI  B  complexes  to  activated  EGFR,  then 
SHIP2  depletion  should  abolish  EGF-induced  recruitment  of 
PTP1B  into  complexes  with  EGFR.  RNA  interference-mediated 
SHIP2  depletion  from  wild-type  MDA-MB231  cells  (Supplemen¬ 
tal  Figure  S7B)  eliminated  the  EGF-induced  increase  in  Mena- 
EGFR  complexes,  as  indicated  by  PLA  assays  (Figure  7B).  SHIP2 
depletion  in  GFP-  and  GFP-Mena-expressing  cells  also  elimi¬ 
nated  the  increase  in  EGFR-PTP1B  complexes  normally  induced 
by  stimulation  with  0.25  nM  EGF,  reducing  their  abundance  to  a 
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In  sum,  these  data  are  consistent  with  a 
model  in  which  activated  EGFR  rapidly 
recruits  a  SHIP2-Mena-PTP1  B  complex, 
which  leads  to  receptor  dephosphoryla¬ 
tion  by  PTP1  B.  In  cells  that  express  Mena- 
INV,  however,  SHIP2-dependent  recruit¬ 
ment  of  PTP1 B  to  EGFR  is  abolished, 
eliminating  PTP1  B-mediated  dephosphor¬ 
ylation  of  EGFR  (Figure  8).  Thus  we  propose 
that  MenaINV  disrupts  negative  feedback 
to  the  EGFR  and  thereby  increases  signal¬ 
ing  and,  consequently,  cellular  responses 
elicited  by  low  EGF  concentrations. 
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FIGURE  5  Inhibition  of  PTP1  B  mimics  the  effects  of  MenaINV  expression.  (A)  Lamellipodial 
protrusion  of  MDA-MB231  cells  8  min  poststimulation  with  0.25  nM  EGF  after  incubation  with 
0.1  %  DMSO  or  1 0  pM  PTP1  B  inhibitor  for  60  min.  Results  are  mean  with  95%  confidence 
intervals;  48  cells/condition.  Asterisk  indicates  significant  difference  by  ANOVA  with  Tukey 
multiple-comparison  test  (*p  <  0.05).  (B)  3D  collagen  invasion  after  24  h  in  the  presence  of 
0.25  nM  EGF  and  0.1%  DMSO  or  10  pM  PTP1  B  inhibitor.  Results  are  represented  as  box  and 
whiskers  at  5  and  95%  percentiles;  cross  indicates  mean  value;  five  assays/condition.  Asterisk 
indicates  significant  difference  by  nonparametric  Kruskal-Wallis  test  and  Dunn's  multiple- 
comparison  test  (*p  <  0.05).  (C)  EGF  dose-response  of  invasive  cells  collected  from  MTLn3 
xenograft  tumors  expressing  GFP  (black  solid  and  dotted  lines)  or  GFP-MenaINV  (blue  solid  or 
dotted  lines).  Needles  contained  EGF  and  0.01%  DMSO  without  (dotted  lines)  or  withIO  pM 
PTP1 B  inhibitor  (solid  lines).  Results  are  mean  ±  SEM  and  plotted  on  log  2  x-axis;  more  than 
three  tumors  for  conditions  with  error  bars;  one  tumor  for  conditions  without  error  bars. 
Asterisks  indicate  significant  difference  by  nonparametric  Kruskal-Wallis  test  and  Dunn's 
multiple-comparison  test  (**p  <  0.01  or  ***p  <  0.001)  at  each  concentration  of  EGF  for 
conditions  with  more  than  three  tumors.  (D)  EGFR  phosphorylation  at  Y1 173  (0.25  nM  EGF, 

3  min)  after  60  min  of  preincubation  with  0.1%  DMSO  or  10  pM  PTP1B  inhibitor  after  4  h  of 
serum  starvation.  Results  are  mean  ±  SEM;  three  experiments.  Asterisks  indicate  significant 
difference  by  ANOVA  with  Student-Newman-Keuls  multiple-comparison  test  (*p  <  0.05, 

**p  <  0.01).  See  also  Supplemental  Figure  S5  and  Supplemental  Table  S6. 


level  similar  to  that  observed  in  GFP-MenaINV  cells  transfected 
with  control  small  interfering  RNA  (siRNA;  Figure  7,  C  and  D).  In 
addition  to  recruiting  Mena-PTPIB  complexes  to  activated 
EGFR,  we  wondered  whether  SHIP2  enzymatic  activity  might 
also  contribute  to  the  observed  MenaINV-driven  changes  in 
breast  cancer  cell  motility  and  invasion.  We  used  the  highly  spe¬ 
cific  SHIP2  inhibitor  AS1949490  (Suwa  et  a/.,  2009)  to  determine 
whether  its  5'  inositol  phosphatase  activity  was  required  for  Me- 
naINV-enhanced  membrane  protrusion.  SHIP2  inhibition  attenu¬ 
ated  protrusion  at  later  time  points  in  MDA-MB231-expressing 
MenaINV  (Supplemental  Figure  S7D)  and  MTLn3  cells  (Supple¬ 
mental  Figure  S7C). 


DISCUSSION 

Mena  regulates  signaling  by 
specific  RTKs 

Mena  and  the  other  EnaA/ASP  proteins  reg¬ 
ulate  motility  and  adhesion  of  numerous  cell 
types  (Pula  and  Krause,  2008);  at  a  mecha¬ 
nistic  level,  their  most  extensively  character¬ 
ized  functions  influence  actin  polymeriza¬ 
tion  and  modulate  the  morphology  and 
dynamics  of  membrane  protrusions  (Bear 
and  Gertler,  2009).  We  found  that  Mena 
serves  an  additional,  unanticipated,  iso- 
form-dependent  role  as  a  regulator  of  at 
least  three  RTKs  known  to  drive  invasion 
and  metastasis  in  breast  cancer  (EGFR,  IGFR 
and  Met;  Alexander  and  Friedl,  2012).  Cel¬ 
lular  responses  to  EGF  and  other  growth 
factors  are  tightly  regulated  through  control 
of  receptor  trafficking  and  activation  state 
(Avraham  and  Yarden,  2011),  with  tyrosine 
phosphorylation  of  RTKs  being  regulated  by 
a  dynamic  interplay  between  kinases  and 
phosphatases  (Kleiman  et  a/.,  2011).  Here 
we  show  that  complexes  containing  Mena 
and  PTP1B  are  recruited  to  activated  EGFR 
in  a  SHIP2-dependent  manner.  Because 
PTP1B  is  known  to  regulate  EGFR,  IGFR, 
and  Met  signaling  (Feldhammer  et  a/., 
2013),  our  findings  are  consistent  with  a 
model  in  which  ligand-induced,  SHIP2-me- 
diated  recruitment  of  Mena-  and  PTP1B- 
containing  complexes  contributes  to  atten¬ 
uation  of  signaling  by  these  RTKs.  Further, 
MenaINV  disrupts  EGF-elicited  recruitment 
of  PTP1B  to  EGFR,  providing  a  basis  for  the 
enhanced  signaling,  motility  and  invasion 
observed  in  response  to  stimulation  with  low  EGF  concentrations  in 
cells  expressing  MenaINV. 

Our  PLA  analysis  indicated  that  complexes  containing  Mena  and 
PTP1  B  present  in  unstimulated  cells  are  recruited  to  the  activated 
EGFR.  We  attempted  to  detect  Mena  and  PTP1B  in  complex  by 
colP  without  success,  perhaps  due  to  low  affinity  or  stoichiometry  of 
the  complex.  It  is  possible,  however,  that  Mena  associates  directly 
with  PTP1B,  as  the  Mena  EVH1  domain  can  bind  purified  PTP1B 
directly  in  vitro  (Figure  4A).  Future  studies  will  address  which  region 
in  Mena  specifically  regulates  the  interaction  between  these  two 
proteins  and  whether  the  interaction  is  direct  or  requires  additional 
components.  Most  of  the  PTP1  B  in  cells  is  anchored  to  the  outer 
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FIGURE  6:  PTP1  B  recruitment  to  EGFR  is  abrogated  in  cells  expressing  MenaINV.  (A)  Represen¬ 
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EGF  for  60  s.  Data  are  mean  with  95%  confidence  interval;  >20  cells/condition.  Asterisks  indicate 
significant  difference  by  ANOVA  with  Tukey  multiple-comparison  test  (***p  <  0.001). 


membrane  of  the  endoplasmic  reticulum,  where  it  can  contact  inter¬ 
nalized  transmembrane  receptors  (Eden  et  a/.,  2010).  However,  in 
platelets  (Frangioni  etal.,  1993)  and  in  MTLn3  rat  adenocarcinoma 
cancer  cells  (Cortesio  et  a/.,  2008),  cleavage  by  calpain  has  been 
shown  to  release  catalytically  active  PTP1  B,  which  can  then  localize 
throughout  the  cytoplasm  (Frangioni  et  a/.,  1993;  Feldhammer 
eta/.,  2013).  Therefore  it  is  possible  that  calpain-dependent  release 
of  PTP1B  into  the  cytoplasm  could  contribute  to  Mena-dependent 
association  of  PTP1 B  with  RTKs  in  these  cells.  Despite  the  relatively 
small  fraction  present  in  the  cytoplasm,  PTP1  B  clearly  functions  at  a 
variety  of  structures  within  the  cytosol  (Feldhammer  et  a/.,  2013), 
including  focal  adhesions,  filopodia  on  neuronal  growth  cones 
(Fuentes  and  Arregui,  2009),  and  invadopodia  (Cortesio  et  a/., 
2008),  which  are  actin-driven  protrusions  that  degrade  the  ECM  dur¬ 
ing  invasion.  Of  interest,  these  structures  are  also  sites  where  Mena 
is  localized  (Philippar  eta/.,  2008;  Pula  and  Krause,  2008). 

In  breast  cancer  cells,  as  little  as  0.25  nM  EGF  induces  rapid 
(within  60  s)  recruitment  of  Mena-PTPI  B  complexes  to  EGFR, 
thereby  dephosphorylating  the  receptor  and  attenuating  its  activity. 
Whereas  PTP1 B  can  regulate  early  endosome  fusion  and  trafficking 
of  Met  and  EGFR  (Sangwan  et  a/.,  2011),  expression  of  Mena  in 
MDA-MB231  cells  was  not  associated  with  changes  in  EGFR  surface 
abundance  or  distribution.  The  biochemical  and  biophysical  effects 
of  Mena  on  the  EGF  response  occur  within  a  time  frame  that  is  likely 
too  brief  to  allow  for  receptor  endocytosis  and  vesicle  scission 
(Taylor  eta/.,  201 1 ;  Zheng  et  a/.,  2013),  although  a  novel  mechanism 
for  rapid  endocytosis  has  recently  been  described  (Boucrot  et  a/., 
2014).  Mena-dependent  effects  on  EGFR  signaling  may  occur  while 
the  receptor  is  still  on  the  plasma  membrane.  Thus,  in  breast  cancer 
cells,  Mena,  which  enhances  the  actin  polymerization  underlying 
EGF-elicited  lamellipodial  protrusion  (Philippar  et  a/.,  2008),  also  di¬ 
rectly  participates  in  EGFR  signal  attenuation. 


SHIP2  mediates  EGF-induced 
recruitment  of  Mena  and  PTP1B 
to  EGFR 

We  also  find  that  ligand-triggered  recruit¬ 
ment  of  Mena-PTPI  B  complexes  to  EGFR 
requires  SHIP2,  an  SH2  domain-containing 
inositol  phosphatase  with  known  scaffold¬ 
ing  functions  (Erneux  et  a/.,  2011)  that  is 
rapidly  recruited  (via  the  adaptor  protein 
SHC)  to  activated  EGFR  (Pesesse  et  a/., 
2001).  The  kinetics  of  RTK-dependent  re¬ 
cruitment  of  SHIP2  is  very  fast,  and  it  oc¬ 
curs  within  20  s  of  stimulation  (Zheng  eta/., 
2013).  Mena  translocation  to  lamellipodia 
can  also  be  observed  within  20  s  after  EGF 
stimulation  and  depends  on  availability  of 
F-actin  barbed  ends  (Philippar  et  a/.,  2008), 
which  are  generated  by  cofilin  severing 
upon  its  PLCy-mediated  release  from  the 
plasma  membrane  (Van  Rheenen  et  a/., 
2007).  The  EGF-induced,  EGFR-PTP1 B- 
containing  complexes  form  with  kinetics 
similar  to  that  of  the  Mena-dependent  ef¬ 
fects  on  both  EGFR  signaling  and  lamelli¬ 
podial  protrusion.  Our  data  support  a 
model  in  which  individual  Mena  tetramers 
associate  with  both  PTP1 B  and  SHIP2 
potentially  through  direct  binding  of  their 
N-terminal  EVH1  domains.  This  raises 
the  interesting  possibility  that  such  com¬ 
plexes  may  also  interact  with  F-actin  barbed  ends  through  the 
actin-binding  motifs  within  the  C-terminal  EVH2  domains  of 
Mena. 

Mena  binds  other  EVH1  ligands  that  influence  its  subcellular 
localization  and  mediates  interactions  with  signaling  and  scaffold¬ 
ing  proteins  (Pula  and  Krause,  2008;  Bear  and  Gertler,  2009). 
Mena  localization  to  the  leading  edge  of  lamellipodia  and  tips  of 
filopodia  depends,  in  part,  on  EVHI-mediated  binding  to  lamel- 
lipodin  (Lpd;  Krause  et  a/.,  2004).  Recently  Lpd  was  found  in  com¬ 
plexes  with  EGFR,  and  knockdown  of  Lpd  or  Mena  disrupted  scis¬ 
sion  of  clathrin-coated  pits,  a  late  step  in  clathrin-mediated 
endocytosis  (CME)  of  the  receptor  (Vehlow  et  a/.,  2013).  Lpd- 
EGFR  associated  constitutively  in  the  HeLa  cells  used  in  that 
study,  and,  since  CME  of  EGFR  initiates  only  after  EGF  stimula¬ 
tion,  the  results  of  Vehlow  et  a/.  (2013)  imply  that  growth  factor 
stimulation  induces  Mena  recruitment  to  the  receptor.  Our  data 
are  consistent  with  this  model;  however,  we  observed  Mena  re¬ 
cruitment  to  EGFR  and  effects  on  receptor  signaling  within  60s 
after  stimulation,  a  time  that  precedes  vesicle  scission,  the  first 
step  in  CME  affected  by  Mena  depletion  (Vehlow  et  a/.,  2013).  It 
is  possible  that  the  SHIP2-EGFR  interaction  helps  to  bring  Mena 
into  complex  with  Lpd  or  that  Lpd  in  complex  with  EGFR  in¬ 
creases  Mena-PTPI  B  recruitment  to  the  receptor  at  later  times 
after  EGF  stimulation.  Consistent  with  this  possibility,  we  found 
that  inhibition  of  SHIP2  5'  inositol  phosphatase  activity,  which 
produces  PI(3,4)P2,  affects  EGF-stimulated  protrusion.  Of  inter¬ 
est,  Lpd  contains  one  of  the  few  PH  domains  specific  for  PI(3,4)P2 
(Krause  et  a/.,  2004),  and  both  SHIP2  and  PI(3,4)P2  regulate  CME 
dynamics  (Nakatsu  et  a/.,  2010;  Posor  et  a/.,  2013).  In  sum,  these 
data  support  a  key  role  for  Mena,  via  EVHI-mediated  interac¬ 
tions,  in  the  recruitment  of  important  signaling  proteins  down¬ 
stream  of  EGFR. 
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by  ANOVA  with  Tukey  multiple-comparison  test  (**p  <  0.01).  (C)  Representative  images  of 
EGFR-PTP1B  PLA  in  MDA-MB231  cell  lines  72  h  posttransfection  with  siControl  or  siSHIP2. 

(D)  EGFR-PTP1B  PLA  in  MDA-MB231  cell  lines  72  h  posttransfection  with  siControl  (indicated 
by  in  siSHIP2  line)  or  siSHIP2.  Cells  stimulated  ±  0.25  nM  EGF  for  60  s.  Results  are  shown 
as  mean  with  95%  confidence  intervals;  >  50  cells/condition.  Asterisks  indicate  significant 
difference  by  nonparametric  Kruskal-Wallis  test  and  Dunn's  multiple-comparison  test  (**p  <  0.05). 
See  also  Supplemental  Figure  S7. 


Expression  of  MenaINV  dysregulates  phosphotyrosine 
signaling 

Expression  of  MenaINV  reduces  PTP1  B  recruitment  to  the  receptor 
and  its  dephosphorylation,  thereby  eliciting  EGFR-dependent 
protrusion  and  motility-related  responses  at  substantially  reduced 
ligand  concentration.  Within  tumors,  spontaneous  up-regulation 
of  MenaINV  expression  likely  enhances  both  paracrine  signaling 
with  macrophages  and  the  autocrine  loops  that  provide  EGFR  li¬ 
gands  to  tumor  cells,  increasing  prometastatic  behaviors  (Wyckoff 
et  a/.,  2004;  Patsialou  et  a/.,  2009;  Zhou  et  a/.,  201 4).  MenaINV  ex¬ 
pression  also  increases  tumor  cell  sensitivity  to  HGF  and  IGF-1  by 
20-  and  5-fold,  respectively,  suggesting  that  tumor  cells  express¬ 
ing  MenaINV  in  vivo  may  be  sensitized  to  HGF  and  IGF-1  secreted 
by  tumor-associated  fibroblasts  or  other  cells  in  the  tumor  micro¬ 
environment  (Yee  et  a/.,  1 989;  Mueller  et  a/.,  2012).  Selective  inhi¬ 
bition  of  PTP1 B  by  MenaINV  likely  affects  a  set  of  proteins  that  are 
normally  dephosphorylated  by  PTP1  B-containing  Mena  com¬ 
plexes.  MenaINV,  like  Mena,  localizes  to  filopodia,  lamellipodia, 
and  invadopodia,  as  well  as  to  sites  of  cell  matrix  and  celhcell 
adhesion;  MenaINV-mediated  attenuation  of  PTP1B  function  (or 
localization)  within  these  structures  could  have  a  large  effect  on 
tumor  cell  invasion  and  motility.  Consistent  with  this  idea,  several 
PTP1  B  targets  that  localize  to  these  structures  and  function  in  tu¬ 
mor  cell  migration  and  invasion  were  among  the  proteins  de¬ 
tected  in  our  mass  spectrometry  screen  for  MenaINV-induced  dys- 
regulated  tyrosine  phosphorylation.  We  also  found  that  treatment 


of  breast  cancer  cells  in  vitro  or  in  vivo  with 
a  targeted  PTP1B  inhibitor  induced  phe¬ 
notypes  that  are  strikingly  similar  to  those 
caused  by  MenaINV  expression. 

The  roles  that  PTP1B  plays  in  cancer 
are  complex  and  likely  context  depen¬ 
dent.  Complete  PTP1B  deletion  in  the 
HER2/Neu  model  of  murine  mammary 
delays  or  prevents  tumor  formation 
(Bentires-Alj  and  Neel,  2007).  However, 
mammary-specific  ablation  of  PTP1  B  after 
tumor  formation  does  not  affect  tumor 
maintenance  or  growth  (Balavenkatraman 
et  a/.,  2011).  More  work  will  be  required 
to  determine  exactly  how  selective  dys- 
regulation  of  PTP1B  by  MenaINV  contrib¬ 
utes  to  tumor  progression.  The  exact 
mechanism  underlying  MenaINV-mediated 
dysregulation  of  tyrosine  phosphorylation 
remains  to  be  determined.  Given  that  the 
INV  exon  is  located  near  the  EVH1  do¬ 
main  of  Mena,  it  is  possible  that  inclusion 
of  INV  affects  formation  of  complexes 
with  PTP1  B,  SHIP2,  or  both,  which  in  turn 
could  affect  recruitment  of  both  proteins 
to  RTKs.  Because  all  Mena  isoforms  form 
stable  tetramers  (Gertler  and  Condeelis, 
2011),  it  is  possible  that  inclusion  of  INV 
could  alter  interactions  with  up  to  four 
distinct  EVH1  ligands  within  a  MenaINV 
tetramer.  Future  studies  will  address  how 
inclusion  of  the  sequence  encoded  by  the 
INV  exon  regulates  these  interactions.  Re¬ 
gardless  of  the  outcome,  our  findings  in¬ 
dicate  that  Mena  and  its  isoforms  act  to 
modulate  RTK  signaling  pathways  in  addi¬ 


tion  to  their  known  role  in  regulating  actin  dynamics. 


Average  Primary 
Tumor  Cells 


1SHIP2 


Invasive  Cell 
Population 


PLCyCofilin 

Pathway 

FIGURE  8  Model  for  Mena-dependent  regulation  of  RTK  signaling.  In 
average  primary  tumor  cells,  activation  of  EGFR  leads  to  rapid 
recruitment  of  a  SHIP2-Mena-PTP1  B  complex,  which  leads  to  receptor 
dephosphorylation  by  PTP1  B  and  sensitivity  to  TKIs.  However,  in  the 
invasive  tumor  cell  population,  where  levels  of  MenaINV  are  high, 
SHIP2-dependent  recruitment  of  PTP1B  to  EGFR  is  abolished, 
eliminating  PTP1  B-mediated  dephosphorylation  of  EGFR,  causing 
sensitivity  to  EGF,  as  well  as  resistance  to  TKIs. 
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MATERIALS  AND  METHODS 
Antibodies,  growth  factors,  and  inhibitors 

Growth  factors  were  purchased  from  Life  Technologies,  Carlsbad,  CA 
(EGF),  and  PeproTech,  Rocky  Hill,  NJ  (HGF,  NRG-1,  and  IGF).  The 
compounds  used  were  Met  inhibitor  SU11274  (Selleck  Chemicals, 
Houston,  TX),  EGFR  inhibitor  erlotinib  (LC  Labs,  Woburn,  MA;  Pepro¬ 
Tech),  PTP1 B  inhibitor  (539741;  Calbiochem,  Billerica,  MA),  and 
SHIP2  inhibitor  AS1 949490  (Tocris,  Minneapolis,  MN).  The  following 
antibodies  were  used:  EGFR  (Cell  Signaling  Technology,  Danvers, 
MA),  pEGFR  Y1 173  (Cell  Signaling  Technology;  Epitomics),  vimentin 
(BD  Transduction  Laboratories,  San  Jose,  CA),  E-cadherin  (Cell  Sig¬ 
naling  Technology),  PTP1B  (Millipore,  Burlington,  MA),  SHIP2  (Cell 
Signaling  Technology),  and  panMena  (Lebrand  eta/.,  2004). 

Cell  culture 

All  breast  cancer  cell  lines  were  obtained  from  the  American  Type 
Culture  Collection  and  cultured  in  DMEM  with  10%  heat-inactivated 
fetal  bovine  serum.  Cell  lines  were  engineered  to  stably  express  10- 
to  15-fold-higher  levels  of  Mena  isoforms  more  than  for  wild-type 
cell  lines.  For  siRNA-mediated  knockdown  experiments,  25  nM 
SHIP2-  or  PTP1  B-targeted  ON-TARGETplus  SMARTpool  siRNA 
(Dharmacon,  GE  Lifesciences,  Lafayette,  CO)  was  transfected  in  se¬ 
rum-free  OptiMeM  using  Dharmafect4  with  assays  performed  72  h 
posttransfection.  The  ON-TARGETplus  nontargeted  control  pool 
(25  nM)  was  used  in  those  conditions  labeled  "scramble." 

PTP1  B  and  Mena-EVHI  in  vitro  binding  assay 

Constructs  used  for  recombinant  protein  production  were  GST- 
PTP1 B  (Addgene,  Cambridge,  MA;  plasmid  #8602),  GST,  and  GST- 
FP4  His-Mini-Mena  (His-TEV-EVH1-LERER-6xGly-CoCo),  which  con¬ 
tains  mouse  Mena  (Gertler  et  a/.,  1996)  residues  1-258  fused,  via  a 
6xGly  linker,  to  the  C-terminal  31 -residue  coiled-coil  from  Mena.  The 
coiled-coil,  which  mediates  Mena  tetramerization,  was  included  to 
allow  for  the  potential  effects  of  avidity  in  the  binding  assay  (Gupton 
eta/.,  2012),  and  intervening  sequences  were  omitted  to  enable  re¬ 
covery  of  soluble,  purified  protein.  Detailed  protocols  for  protein 
expression  and  purification  are  given  in  the  Supplemental  Experi¬ 
mental  Procedures. 

GST,  GST-FP4,  and  GST-PTP1  B  (3  pM)  were  immobilized  on  glu¬ 
tathione  beads  and  blocked  for  2  h  at  4°C  (20  mM  4-(2-hydroxyethyl)- 
1  -piperazineethanesulfonic  acid)  [HEPES],  pH  7.6,  150  mM  NaCI, 
1%  NP-40,  3%  bovine  serum  albumin  [BSA]).  Beads  were  washed 
once  and  incubated  with  50,  100,  500  nM  His-Mini-Mena,  rotating 
for  2  h  at  4°C  in  binding  buffer  (20  mM  HEPES,  pH  7.6,  150  mM 
NaCI,  1%  NP-40).  Beads  were  washed  three  times  in  binding  buffer 
while  rotating  at  4°C  for  5  min.  Proteins  were  eluted  in  4x  SDS- 
PAGE  sample  buffer  and  assayed  by  Western  blotting. 

EGFR  internalization  assays 

Surface  proteins  were  biotinylated  using  the  method  of  Roberts 
etal.  (2001;  seethe  Supplemental  Experimental  Procedures).  Cells 
were  lysed  in  75  mM  HEPES  (pH  7.5),  200  mM  NaCI,  10%  glycerol, 
1.5%  Triton-X  100,  and  0.75%  NP-40  with  a  protease  Mini-Com¬ 
plete  protease  inhibitor  tablet  (Roche,  Indianapolis,  IN)  on  ice.  To 
measure  the  surface  level  of  EGFR,  cells  were  lysed  immediately 
after  labeling  with  biotin.  EGFR  STAR  enzyme-linked  immunosor¬ 
bent  assay  (ELISA;  Millipore)  was  used  to  quantify  total  and  bioti¬ 
nylated  EGFR  by  modifying  the  protocol  to  replace  the  anti-rabbit 
immunoglobulin  G  (IgG)-horseradish  peroxidase  conjugate  with 
anti-rabbit  IR800  and  streptavidin-IR680  (Li-Cor,  Lincoln,  NE)  anti¬ 
bodies  to  facilitate  dual  detection  of  total  and  biotinylated  EGFR 
using  the  Li-Cor  Odyssey  scanning  system.  Negative  controls  of 


nonlabeled  samples  or  surface-stripped  samples  (without  the  in¬ 
ternalization  step)  were  included  for  each  experiment. 

Protrusion  and  3D  invasion  assays 

Protrusion  assays  were  performed  as  described  (Meyer  etal.,  2012). 
Briefly,  serum-starved  cells  plated  on  collagen-  and  Matrigel-coated 
dishes  were  imaged  every  20  s  for  10  min  at  37°C  (TE2000  micro¬ 
scope;  Nikon)  with  a  20x  objective.  Growth  factor/inhibitor  solutions 
were  added  after  80  s.  Cell  areas  were  traced  immediately  before 
stimulation  and  9  min  after  stimulation  using  ImageJ  (National  Insti¬ 
tutes  of  Health,  Bethesda,  MD).  Data  shown  are  from  individual  cells 
pooled  from  at  least  three  separate  experiments.  The  3D  invasion 
assay  in  Figure  6B  was  performed  as  described  (Giampieri  et  a/., 
2009).  See  the  Supplemental  Experimental  Procedures. 

PI(4,5)P2  hydrolysis  assay 

PI(4,5)P2  hydrolysis  was  assayed  as  described  (Van  Rheenen  et  a/., 
2007).  See  the  Supplemental  Experimental  Procedures. 

Cofilin:actin  fluorescence  resonance  energy  transfer 

F-actin:cofilin  binding  was  measured  by  fluorescence  resonance  en¬ 
ergy  transfer  (FRET)  efficiency  using  acceptor  photobleaching  as 
described  (Van  Rheenen  etal.,  2007).  See  the  Supplemental  Experi¬ 
mental  Procedures. 

Immunoprecipitation  and  Western  blotting 

Standard  procedures  were  used  for  protein  electrophoresis, 
Western  blotting,  and  IP.  For  IP,  cells  were  lysed  in  20  mM 
HEPES,  pH  7.4,  200  mM  NaCI,  2  mM  MgCI2,  5%  glycerol, 
1%  NP-40,  and  phosphatase  inhibitors.  See  the  Supplemental 
Experimental  Procedures.  For  the  Mena-SHIP2  IP,  cells  were  har¬ 
vested  in  chilled  lysis  buffer  (20  mM  HEPES,  pH  7.4,  200  mM 
NaCI,  2  mM  MgCl2,  5%  glycerol)  supplemented  with  Mini-Com¬ 
plete  EDTA-free  protease  inhibitors  (Roche)  and  a  phosphatase 
inhibitor  cocktail  (PhosSTOP;  Roche)  at  4°C.  Precleared  lysate 
was  incubated  with  40  pi  of  50%  slurry  of  Protein  A  Plus  beads 
(Pierce,  Grand  Island,  NY)  and  Mena  antibody  or  IgG  control  for 
3  h  at  4°C.  Beads  were  washed  three  times  in  lysis  buffer,  eluted 
in  2x  SDS  sample  buffer,  and  resolved  by  SDS-PAGE. 

Proximity  ligation  assay 

Cells  were  prepared  as  for  protrusion  assay  and  stimulated  with 
growth  factor  as  indicated.  Cells  were  fixed  for  20  min  in  4%  parafor¬ 
maldehyde  in  PHEM  buffer  (60  mM  PIPES  [piperazine-N,N- 
bis(ethanesulfonic  acid)],  pH  7.0,  25  mM  HEPES  [4-(2-hydroxyethyl)- 
1 -piperazineethanesulfonic  acid],  pH  7.0,  10  mM  EGTA  [ethylene 
glycol  tetraacetic  acid],  pH  8.0,  2  mM  MgCl2,  0.12  M  sucrose), 
permeabilized  with  0.2%  Triton  X-100,  blocked  with  10%  BSA, 
and  incubated  with  primary  antibodies  overnight  at  4°C.  PLA  was 
then  performed  according  to  the  manufacturer's  protocol  (Olink 
Biosciences,  Uppsala,  Sweden).  The  spots  per  cell  were  counted, 
and  the  number  was  normalized  relative  to  cell  area  and/or  GFP  ex¬ 
pression.  Data  are  pooled  from  at  least  three  different  experiments. 

In  vivo  invasion  assay 

The  in  vivo  invasion  assay  was  performed  in  three  mice  per  condi¬ 
tion  as  described  (Wyckoff  et  ai,  2000).  Briefly,  needles  were  held  in 
place  by  a  micromanipulator  around  a  single  mammary  tumor  of  an 
anesthetized  mouse.  Needles  contained  a  mixture  of  Matrigel, 
0-25  nM  EGF,  buffer,  and  EDTA  with  either  0.01%  dimethyl  sulfox¬ 
ide  (DMSO),  or  10  pM  PTP1  B  inhibitor.  After  4  h  of  cell  collection, 
the  contents  of  the  needles  were  extruded.  Cells  were  stained  with 
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4^6-diamidino-2-phenylindole  and  counted  on  an  Olympus  1X70 
inverted  microscope. 

Phosphotyrosine  analysis  via  LC-MS/MS 

Serum-starved  MDA-MB231  cells  expressing  GFP  or  GFP-MenaINV 
were  stimulated  with  0,  0.25,  0.5,  or  1 5.8  nM  EGF  for  1  min.  Cells 
were  immediately  lysed  in  8  M  urea  (Sigma-Aldrich,  St.  Louis,  MO) 
and  quantified  using  the  BCA  assay  (Pierce).  As  previously  de¬ 
scribed,  quantitative  LC-MS/MS  analyses  of  tyrosine-phosphory- 
lated  peptides  using  iTRAQ  8plex  and  an  Orbitrap  Elite  mass 
spectrometer  (Thermo)  were  performed  (Johnson  eta/.,  2012).  In 
brief,  proteins  were  reduced,  alkylated,  and  digested  with  modi¬ 
fied  trypsin  (Promega,  Madison,  Wl).  Peptides  were  desalted,  ly- 
ophilized,  and  labeled  with  iTRAQ  8plex  (AB  Sciex,  Framingham, 
MA).  Tyrosine-phosphorylated  peptides  were  enriched  using  IP 
and  immobilized  metal  affinity  chromatography.  Mascot  peptide 
identifications,  phosphorylation-site  assignments,  and  quantifica¬ 
tion  were  verified  manually  with  the  assistance  of  computer-aided 
manual  validation  software  (Curran  et  a/.,  2013).  Supplemental 
Table  SI  contains  the  sequences  of  identified  phosphotyrosine 
peptides  along  with  relative  quantification  and  statistical  analysis. 
See  the  Supplemental  Experimental  Procedures. 
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Abstract  Several  functionally  distinct  isoforms  of  the 
actin  regulatory  Mena  are  produced  by  alternative  splicing 
during  tumor  progression.  Forced  expression  of  the  MenaINV 
isoform  drives  invasion,  intravasation  and  metastasis. 
However,  the  abundance  and  distribution  of  endogenously 
expressed  MenaINV  within  primary  tumors  during  progres¬ 
sion  remain  unknown,  as  most  studies  to  date  have  only 
assessed  relative  mRNA  levels  from  dissociated  tumor 
samples.  We  have  developed  a  MenaINV  isoform-specific 
monoclonal  antibody  and  used  it  to  examine  MenaINV 
expression  patterns  in  mouse  mammary  and  human  breast 
tumors.  MenaINV  expression  increases  during  tumor  pro¬ 
gression  and  to  examine  the  relationship  between  MenaINV 
expression  and  markers  for  epithelial  or  mesenchymal  status, 
sternness,  stromal  cell  types  and  hypoxic  regions.  Further, 
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while  MenaINV  robustly  expressed  in  vascularized  areas  of 
the  tumor,  it  is  not  confined  to  cells  adjacent  to  blood  vessels. 
Altogether,  these  data  demonstrate  the  specificity  and  utility 
of  the  anti-MenaINV-isoform  specific  antibody,  and  provide 
the  first  description  of  endogenous  MenaINV  protein 
expression  in  mouse  and  human  tumors. 

Keywords  Breast  cancer  •  Mena  •  Hypoxia  •  Sternness  • 
Microenvironment  ■  Metastasis 

Abbreviations 

DCIS  Ductal  carcinoma  in  situ 

EGF  Epidermal  growth  factor 

EMT  Epithelial  to  mesenchymal  transition 

FFPE  Formalin  fixed  paraffin  embedded 

GFP  Green  fluorescent  protein 

IP  Immunoprecipitation 

LN  Lymph  node 

SMA  Smooth  muscle  actin 

TMEM  Tumor  microenvironment  of  metastasis 


Introduction 

While  metastasis  remains  the  leading  cause  of  death  in 
cancer  patients,  the  molecular  mechanisms  driving  this 
process  are  incompletely  understood.  Changes  within  the 
primary  tumor  itself  or  in  the  microenvironment  can  lead  to 
local  invasion  and  ultimately  metastasis.  For  example, 
during  the  epithelial  to  mesenchymal  transition  (EMT), 
cells  can  undergo  changes  in  gene  expression  which  endow 
carcinoma  cells  with  aggressive,  metastatic  characteristics 
[1].  Increased  matrix  stiffening,  collagen  crosslinking  and 
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integrin-dependent  focal  adhesion  are  also  associated  with 
breast  tumorigenesis  and  can  promote  progression  to  an 
invasive  and  metastatic  phenotype  [2,  3].  Hypoxia,  via 
stabilization  of  hypoxia-inducible  factor  (HIFlcx),  regulates 
the  expression  of  multiple  genes  that  can  lead  to  changes  in 
anaerobic  metabolism,  angiogenesis,  invasion  and  survival 
[4],  Finally,  the  tumor  stroma  plays  an  important  role  in 
promoting  metastasis  as  recruitment  of  macrophages  or 
bone  marrow  derived  cells  to  the  primary  tumor  site  can 
increase  cell  migration,  invasion  and  intravasation  [5], 

Mena,  a  member  of  the  Ena/VASP  family,  is  a  known 
regulator  of  actin  polymerization  and  celkmatrix,  and  cell: 
adhesion  that  is  upregulated  in  various  human  epithelial 
tumors,  including  breast,  pancreas,  lung,  colon  and  cervix 
[6],  In  the  MMTV-PyMT  genetic  model  of  breast  cancer, 
genetic  ablation  of  Mena  significantly  reduces  in  vivo 
tumor  cell  motility,  intravasation  and  metastasis  without 
altering  mammary  tumor  burden,  growth  or  histologic 
progression  to  carcinoma  [7],  Mena-expressing  cells  are 
components  of  tumor  microenvironment  of  metastasis 
(TMEM),  tripartite  structures  comprised  of  a  Mena-ex- 
pressing  tumor  cell,  an  endothelial  cell  and  a  macrophage 
all  contacting  each  other.  TMEMs  are  sites  of  intravasation 
in  mouse  mammary  tumors  [8],  and  TMEM  density  cor¬ 
relates  with  risk  of  distant  metastasis  in  ER— /HER2+ 
breast  cancer  patients  [9,  10]. 

During  tumor  progression,  Mena  is  alternatively  spliced 
to  produce  multiple  isoforms  that  can  affect  tumor  cell 
phenotypes  in  different  ways  [6],  Expression  of  Mena  11a, 
an  isoform  of  Mena  that  contains  an  additional  21  amino 
acids  in  the  EVH2  domain  of  Mena,  is  highly  expressed  in 
primary  tumor  cells,  but  downregulated  in  invasive  cells 
[11],  and  has  been  shown  to  decrease  motility  in  vivo  and 
dampen  invasion  responses  to  EGF  [12].  In  two  patient 
cohorts,  quantitative  immunofluorescence  of  a  biomarker 
Menaca  L  derived  from  the  difference  in  expression  levels 
of  all  Mena  isoforms  (“panMena”)  and  Menalla  showed 
that  high  Menacalc  levels  are  associated  with  poor  disease- 
specific  survival  [13,  14], 

Conversely,  inclusion  of  the  19-amino  acid  sequence 
encoded  by  the  ‘INV’  exon  (Fig.  la)  in  Mena  promotes 
invasion,  intravasation  and  metastasis  by  sensitizing  cells 
to  EGF,  subsequently  allowing  them  to  invade  in  response 
to  low  concentrations  of  growth  factor  [12,  15].  Notably, 
the  lack  of  a  sensitive  isoform-specific  antibody  capable  of 
detecting  MenaINV  in  tumors  has  necessitated  use  of  RT- 
PCR  analysis  of  mRNA  isolated  from  dissociated  tumor 
tissues  as  a  proxy  for  the  protein.  Using  xenograft  and 
spontaneous  breast  tumor  models,  we  found  that  expression 
of  MenaINV  mRNA  is  comparatively  high  in  invasive  cells 
collected  by  EGF  chemotaxis  from  the  primary  tumor  [11]. 
Furthermore,  in  cells  isolated  from  fine  needle  aspirates 
(FNA)  of  breast  human  tumors,  MenaINV  mRNA  levels 


were  relatively  higher  in  the  subset  of  tumor  cells  that  had 
traversed  a  human  endothelial  cell  monolayer  in  in  vitro 
intravasation  assays  [16].  Finally,  in  human  breast  cancer 
patients,  relative  levels  MenaINV  mRNA  in  FNA  biopsies 
from  freshly  resected  breast  tumor  samples  were  observed 
to  correlate  with  the  number  of  TMEM  sites  found  histo¬ 
logical  sections  from  the  matched  tumor  tissue  [16,  17]. 
However,  the  abundance  and  distribution  of  MenaINV 
protein  within  primary  tumors  have  not  yet  been  deter¬ 
mined.  Given  the  relatively  high  expression  of  MenaINV  in 
invasive  tumor  cell  subpopulations,  and  the  ability  of 
MenaINV  expression  to  enhance  microenvironment-depen- 
dent  metastatic  phenotypes,  reagents  that  allow  for  analysis 
of  MenaINV  protein  levels  and  distribution  within  histo¬ 
logical  sections  of  patient  tumors  might  be  used  to  gain 
insight  into  the  biology  of  tumor  progression  and,  poten¬ 
tially,  as  a  prognostic  biomarker. 

Using  a  newly  generated  isoform-specific  antibody 
validated  in  three  assays,  we  show  that  Mena1NV  protein 
expression  increases  during  tumorigenesis  and  progression 
and  is  correlated  with  blood  vessel  density.  Furthermore, 
we  show  that  while  MenaINV  expression  is  inversely  cor¬ 
related  with  E-cadherin,  it  is  not  restricted  to  mesenchy- 
mal-like  cells,  is  not  detected  in  stromal  cells,  and  does  not 
correlate  with  increased  proliferation,  sternness,  macro¬ 
phage  density,  or  hypoxia.  These  results  provide  insight 
into  the  spatiotemoporal  distribution  of  MenaINV  within 
primary  tumors,  key  information  needed  to  develop  models 
to  describe  its  pro-metastatic  effects,  and  provide  the  basis 
for  evaluating  MenaINV  as  potential  biomarker  for  clinical 
use. 


Results 

Validation  of  the  MenaINV  antibody  for  use 
in  western  blot,  ELISA  and  immuhistochemistry 

To  analyze  MenaINV  protein  expression  and  distribution, 
we  developed  an  isoform-specific  monoclonal  antibody 
that  selectively  recognizes  the  19aa  sequence  (identical  in 
human  and  mouse)  encoded  by  the  INV  exon  (“anti-INV”) 
[18]  (Fig.  la).  Anti-INV  recognized  GFP-MenaINV— but 
not  GFP-Mena  or  GFP  alone — in  western  blots  of  lysates 
of  MDA-MB231  cells  that  express  the  corresponding 
constructs.  Anti-panMena,  which  recognizes  all  known 
Mena  isoforms  [19],  detected  ectopic  GFP-Mena,  GFP- 
MenaINV  and  endogenous  Mena  (Fig.  lb).  We  developed 
an  ELISA  assay  to  detect  and  to  quantify  MenaINV  levels  in 
protein  lysates.  We  confirmed  the  specificity  of  the  ELISA 
assay  using  two  peptides  expressing  either  EVH1-LERER 
or  EVH1-INV-LERER.  Increasing  the  concentration  of  the 
EVH1-INV-LERER  peptide  correlated  with  an  increase  in 
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Fig.  1  Validation  of  the 
MenaINV  antibody,  a  Schematic 
diagram  of  cancer-relevant 
alternatively  spliced  Mena 
isoforms  and  in-house 
antibodies  utilized  for  detection, 
b  Western  blot  of  MDA-MB231 
cells  overexpressing  GFP,  GFP- 
Mena  or  GFP-MenaINV' 
MenaINV  antibody  only 
recognizes  GFP-Mena1NV,  while 
the  Mena  antibody  recognizes 
both  isoforms,  c  Standard  curve 
for  MenaINV  ELISA  assay, 
plotting  concentration  of  pure 
recombinant  protein  EVH1- 
INV-LERER  versus 
absorbance.  Protein 
concentrations  were  estimated 
by  comparison  to  purified 
recombinant  Mena1NV  mini¬ 
protein.  d  MenaINV  protein 
concentration  in  MV°7 
fibroblasts,  231-Mena  and 
231-MenaINV  cultured  cells,  and 
using  EVH1-LERER  as  a 
negative  control,  quantified  by 
sandwich  ELISA  using  anti- 
panMena  for  capture  and  anti- 
MenaINV  for  detection, 
e  Representative  images  of 
FFPE  sections  from  Mtln3 
tumors  expressing  GFP-Mena  or 
GFP-MenaINV,  stained  with 
Mena  {green),  MenaINV  (red) 
and  DAPI  (blue).  Similarly, 
MenaINV  antibody  only 
recognizes  GFP-MenaINV,  while 
the  Mena  antibody  recognizes 
both  isoforms,  f  Staining  for 
Mena  and  MenaINV  on  an  FFPE 
section  from  a  wild-type  PyMT 
mouse  or  a  PyMT  mouse  null 
for  Mena.  Scale  bar  is  30  pm. 
(Color  figure  online) 
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signal  as  detected  by  the  ELISA  assay,  while  no  signal  was 
detected  with  the  EVH1-LERER  peptide  (Fig.  lc).  We 
then  measured  MenaINV  expression  in  lysates  collected 
from  MV°7  fibroblasts,  which  lack  all  three  Ena/VASP 
proteins  [20],  MDA-MB-231  cells  expressing  ectopic  GFP- 
Mena  (“231-Mena”)  or  GFP-MenaINV  (“231-MenaINV”). 
Using  the  ELISA  assay,  no  signal  above  the  assay  detection 
limit  for  MenaINV  was  detected  in  MVD7  fibroblasts,  or 


231-Mena  cells;  while  a  strong  signal  was  detected  in 
231-MenaINV  cells  (Fig.  Id).  Together,  these  data  con¬ 
firmed  the  specificity  of  the  antibody  and  quantitative 
nature  of  the  ELISA  assay. 

Given  that  we  have  shown  that  at  the  mRNA  level, 
MenaINV  expression  is  enriched  in  invasive  cell  popula¬ 
tions  of  xenograft  tumors,  PyMT  tumors  [21],  and  in  FNA 
biopsies  of  human  breast  tumors  [16],  we  were  interested  in 
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visualizing  the  distribution  of  MenaINV  protein  within 
tumors.  The  MenaINV  antibody  was  validated  for  use  and 
specificity  in  staining  of  formalin-fixed  paraffin  embedded 
(FFPE)  tumor  sections  by  comparing  anti-INV  signals  in 
xenografts  of  cells  expressing  GFP-MenaINV  or  GFP-Mena 
(Fig.  le).  As  expected,  strong  signal  for  MenaINV  was 
observed  in  GFP-MenaINV  xenograft  tissue  sections,  but 
absent  in  GFP-Mena  tumor  sections.  Secondly,  we  exam¬ 
ined  mammary  carcinomas  arising  from  transgenic 
MMTV-PyMT  expression  and  found  that  MenaINV  was 
heterogeneously  distributed  in  this  model.  Furthermore,  as 
expected  we  did  not  detect  specific  MenaINV  signal  in  tis¬ 
sue  sections  of  tumors  isolated  from  Mena  knockout  mice 
carrying  the  MMTV-PyMT  transgene,  used  here  as  a 
negative  control  (Fig.  If).  These  data  confirm  the  speci¬ 
ficity  and  utility  of  the  antibody  for  use  in  immunodetec¬ 
tion  of  MenaINV  in  FFPE  tissue  sections. 

MenaINV  expression  in  tumors  is  heterogeneous, 
but  increases  during  progression  in  mouse 
and  human  samples 

Next,  we  examined  Mena  and  MenaINV  staining  in  normal 
mammary  gland  fat  pad  tissue  and  in  advanced  MMTV- 
PyMT  tumors  by  immunofluorescence  of  FFPE  sections 
(Fig.  2a,  b).  While  Mena  is  widely  expressed  in  ducts,  we 
found  low,  heterogeneous  staining  for  MenaINV  in  normal 
ductal  structures  within  the  mammary  gland,  with  signifi¬ 
cantly  stronger  MenaINV  staining  intensity  in  tumor  tissue 
(Fig.  2c).  We  then  asked  if  MenaINV  is  expressed  in  cells 
within  non-invasive  tumor  structures  with  intact  basement 
membranes,  marked  by  staining  with  Laminin,  and  found 
that  MenaINV  detectable  in  encapsulated  pre-invasive 
tumor  structures. 

We  then  studied  the  relationship  between  Mena  and 
MenaINV  expression  during  tumor  progression  in  the 
MMTV-PyMT  model  [22],  Overall,  we  observed  hetero¬ 
geneous  MenaINV  staining  in  subsets  of  Mena-expressing 
cells  in  MMTV-PyMT  tumors  (Fig.  2e).  Specifically,  there 
were  significant  increases  in  both  Mena  and  MenaINV 
staining  in  both  adenoma  and  carcinoma  tumor  regions 
relative  to  hyperplasia  (Fig.  2f,  g).  Together,  these  data 
suggest  that  in  the  MMTV-PyMT  model  Mena  and 
MenaINV  expression  increases  during  progression  from 
hyperplasia  to  adenoma,  with  no  further  increases  during 
progression  to  carcinoma. 

Next,  we  examined  Mena  and  MenaINV  protein 
expression  and  localization  in  a  small  cohort  of  both 
metastatic  and  non-metastatic  human  breast  tumors  (tumor 
characteristics  described  in  Fig  SI).  We  found  that  while 
Mena  is  expressed  at  high  levels  in  ductal  structures  in  non¬ 
metastatic  tumors  (Fig.  3a-c)  only  low  levels  of  MenaINV 


were  detected.  As  shown  in  the  PyMT  mouse  model,  we 
found  robust  levels  of  MenaINV  in  structures  characterized 
as  ductal  carcinoma  in  situ  (DCIS),  which  are  known  to 
contain  an  intact  basement  membrane  (Fig.  3d-f),  with 
both  isoforms  expressed  in  these  tissues.  Finally,  relatively 
higher  levels  of  MenaINV  were  observed  in  metastatic 
patients.  Patients  with  metastatic  disease  showed  increased 
percentage  of  cells  expressing  MenaINV  (Fig.  3j),  as  well  as 
increased  levels  of  MenaINV,  as  detected  by  quantitative 
immunofluorescence  (Fig.  31).  Levels  of  Mena  were  not 
significantly  different  between  non-metastatic  and  meta¬ 
static  cases  (Fig.  3k).  Overall,  these  data  demonstrate  that 
MenaINV  expression  increases  during  tumor  progression  in 
both  mouse  and  human  tumors. 

Mena1NV  is  not  expressed  in  macrophages, 
endothelial  cells  or  fibroblasts 

The  tumor  microenvironment  is  composed  of  a  variety  of 
tumor  and  stromal  cells,  which  can  also  contribute  to  tumor 
progression  [5].  We  were  interested  in  investigating  whe¬ 
ther  MenaINV  was  expressed  in  endothelial  cells,  macro¬ 
phages  and  fibroblasts  within  tumors.  We  used  established 
markers  to  stain  for  all  three  subpopulations  in  PyMT 
tumors:  Ibal  for  macrophages  (Fig.  4a);  aSMA  (smooth 
muscle  actin)  for  fibroblasts  (Fig.  4b);  CD31  for  endothe¬ 
lial  cells  (Fig.  4c).  We  did  not  detect  MenaINV  signal  in  any 
of  the  cells  expressing  these  markers  and  conclude  that 
MenaINV  is  either  absent  or  expressed  at  low  levels  in  these 
stromal  subtypes. 

MenaINV  expression  is  not  restricted  to  cells 
that  have  undergone  EMT 

To  characterize  the  identity  of  the  cells  that  express 
MenaINV  in  the  tumor  compartment,  we  compared  the 
distribution  of  anti-INV  staining  to  markers  of  tumor  cell 
phenotype.  First,  we  wondered  if  expression  of  MenaINV 
was  associated  with  EMT,  a  process  that  has  been  associ¬ 
ated  with  increased  metastatic  potential  [23].  Antibodies  to 
E-Cadherin  and  vimentin,  markers  for  epithelial  and  mes¬ 
enchymal  phenotypes  respectively,  were  used  to  examine 
levels  of  MenaINV  varied  throughout  mouse  and  human 
tumors  in  relation  to  EMT.  Line  scans  of  the  signal 
intensities  showed  regions  that  appeared  to  have  relatively 
high  MenaINV  and  low  E-cadherin  signals  (Fig.  5a). 
Quantitative  analysis  throughout  entire  image  fields 
revealed  a  significant,  inverse  correlation  between  relative 
levels  of  MenaINV  and  of  E-cadherin  (Fig.  5b,  c):  MenaINV 
was  detected  in  62  and  74  %  of  vimentin  positive  cells  in 
human  and  mouse  tumors,  respectively  (Fig.  5d),  however. 
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Fig.  2  MenaINV  expression 
increases  during  tumor 
progression,  a  Representative 
images  of  FFPE  sections  from  a 
normal  mammary  fat  pad  tissue 
from  an  adult  mouse  and  an 
advanced  MMTV-PYMT  tumor 
stained  for  Mena,  MenaINV  and 
DAPI.  Scale  bar  is  30  pm. 
Quantification  of  Mena  (b)  and 
Mena  (c)  staining  intensity 
in  mammary  fat  pad  versus 
advanced  tumor, 
d  Representative  images  of 
FFPE  sections  from  an  MMTV- 
PYMT  tumor  stained  for 
Mena1NV,  the  basement  member 
laminin  and  DAPI.  Scale  bar  is 
30  pm.  e  Representative  images 
of  areas  from  MMTV-PyMT 
tumor  sections  depicting 
hyperplasia,  adenoma  and 
carcinoma  tumor.  H&E  image 
depicts  histology  of  area  chosen 
for  for  Mena,  Mena1NV  and 
DAPI  staining.  Scale  bar  is 
100  pm  for  H&E  image,  and 
30  pm  for  fluorescent  images. 
Quantification  of  Mena  (f)  and 
MenaINV  (g)  staining  intensity 
in  different  areas  of  PyMT 
tumors.  Data  pooled  from  four 
tumors,  with  at  least  four  fields 
of  view  per  sample.  Each  dot 
represents  a  field  of  view. 
Asterisk  indicates  significant 
difference  by  t  test  (*p  <  0.05) 
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vimentin  was  detected  in  only  27  and  18  %  of  MenaINV  - 
positive  cells  in  human  and  mouse  tumors,  respectively. 
Together,  these  results  indicate  that  while  MenaINV  protein 
distribution  is  inversely  correlated  with  E-Cadherin,  it  is 
observed  frequently  in  cells  lacking  vimentin,  a  canonical 
marker  for  passage  through  EMT. 


Mena1NV  expression  is  not  enriched  with  cells 
expressing  proliferation  and  stem  cell  markers 

More  recently,  EMT  has  been  associated  with  the  gain  of 
stem  cell  characteristics,  which  endow  cells  with  the  ability 
to  metastasize  and  colonize  more  efficiently  [24].  We 
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Fig.  3  MenaINV  expression  patterns  in  human  breast  cancer.  Repre¬ 
sentative  images  of  human  breast  tumor  FFPE  sections  with  H&E 
staining  (a.  d,  g),  low  (b,  e,  h)  and  high  (c,  f,  i)  magnification  images 
of  immunofluorescence  staining  for  for  Mena  (red)  and  MenaINV 
(green).  Images  are  from  a  non-metastatic  (a-c),  DCIS  (d-f)  and 
metastatic  tumor  (g-i).  Scale  bar  for  a,  d.  g  is  300  pm,  for  b,  e,  h  is 
100  and  30  pm  for  c,  f,  i.  j  Quantification  of  the  percentage  of  total 


cells  (as  counted  by  DAPI  staining)  expressing  MenaINV  within  a  40X 
field.  Quantification  of  Mena  (k)  and  MenaINV  (1)  staining  intensity  in 
non-metastatic  and  metastatic  human  tumor  samples.  Data  pooled  for 
three  metastatic  and  three  non-metastatic  samples,  with  at  least  three 
fields  of  view  per  sample.  Each  dot  represents  a  field  of  view.  Asterisk 
indicates  significant  difference  by  t  test  (**p  <  0.01).  (Color 
figure  online) 


investigated  whether  expression  of  MenaINV  was  associ¬ 
ated  with  the  proliferation  or  acquisition  of  stem  cell 
characteristics.  First,  we  examined  the  proliferation  levels 
of  MenaINV-positive  cells,  by  staining  for  the  proliferation 
marker  Ki67  (Fig.  6a).  In  both  mouse  and  human  tumors, 
approximately  30  %  of  Mena1NV  cells  were  Ki67-positive. 
Conversely,  approximately  50  %  of  Ki67-positive  cells 
were  MenaINV-positive  (Fig.  6b,  c).  These  data  suggest  that 
MenaINV  expression  is  not  restricted  to  highly  proliferative 
cells.  Secondly,  we  examined  MenaINV  expression  relative 
to  two  known  stem  cell  markers  in  mouse  PyMT  tumors, 
ALDH  and  CD133,  whose  expression  has  been  associated 


with  sternness  (Fig.  6d).  Indeed,  recent  studies  have  shown 
that  cells  expressing  high  levels  of  CD133  showed  higher 
invasive  potential  and  drug  resistance,  while  cells  that  were 
ALDH-  and  CD133-positive  were  highly  tumorigenic  [25- 
27].  As  expected,  we  observed  a  positive  correlation 
between  CD133  and  ALDH  expression  (Fig.  6e);  however, 
no  significant  association  between  cells  expressing 
MenaINV  and  those  expressing  canonical  stem  cell  markers. 
Only  15  and  23  %  of  Mena1NV-positive  cells  expressed 
CD  133  or  ALDH,  respectively  (Fig.  6f,  h).  Similarly, 
approximately  28  and  41  %  of  CD133-  and  ALDH-positive 
cells,  respectively,  expressed  MenaINV  in  PyMT  tumors 
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Fig.  4  MenaINV  expression  is  restricted  to  the  tumor  compartment. 
Representative  images  of  staining  for  MenaINV  and  the  macrophage 
marker  Ibal  (a,  b),  the  fibroblast  marker  cxSMA  (c,  d)  and  the 


endothelial  cell  marker  CD31  (e,  f).  b-d  Magnification  of  boxed  area 
and  signal  intensity  for  both  markers  is  quantified  along  the  white 
line.  Scale  bar  for  a,  c,  e  is  30  and  10  pm  for  b,  d,  f 


(Fig.  6f,  h).  These  data  indicate  that  MenaINV  is  expressed 
in  both  stem  and  non-stem  cell  populations  within 
advanced  tumors.  We  compared  MenaINV  and  CD133  or 
ALDH  staining  intensity  in  different  regions  of  PyMT 
tumors  and  observed  no  significant  correlation  between 
MenaINV  signal  and  the  levels  of  these  stem  cell  markers. 

Mena1NV  expression  is  high  in  vascularized  tumor 
areas 

Dissemination  of  primary  tumor  cells  occurs  primarily 
through  the  vasculature  and  lymphatics.  We  examined 
patterns  of  MenaINV  expression  relative  to  blood  vessels  in 
mouse  and  human  tumors.  In  both  mouse  and  human 


tumors,  we  found  that  MenaINV  expression  was  not 
restricted  to  cells  adjacent  to  blood  vessels  (Fig.  7a,  b). 
However,  there  was  a  significant  correlation  between 
MenaINV  expression  levels  and  blood  vessel  density  in  both 
non-metastatic  and  metastatic  human  tumors  (Fig.  7c). 
Together,  these  data  confirm  that  while  MenaINV  expres¬ 
sion  is  associated  with  higher  blood  vessel  density,  it  is  not 
restricted  to  expression  in  cells  adjacent  to  the  vasculature. 

Blood  vessel  density  can  also  affect  oxygen  levels 
within  a  tumor,  which  in  turn,  can  drive  metastatic  phe¬ 
notypes.  Using  hypoxyprobe  to  label  hypoxic  tumor  areas 
[28],  we  quantified  MenaINV  staining  intensity  in  PyMT- 
MMTV  tumors  relative  to  hypoxia  (Fig.  7d,  e)  and  deter¬ 
mined  that  MenaINV  expression  was  not  restricted  to 
hypoxic  areas  within  the  tumor. 
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Fig.  5  MenaINV  expression  and  EMT  markers,  a  MMV-PyMT  tissue 
section  stained  for  Mena1NV  (green)  and  the  epithelial  marker 
ECadherin  (green),  al-2  Intensity  of  Mena1NV  and  ECadherin  signal 
along  two  lines  shown  in  a.  b  Mean  fluorescence  signal  intensity 
plotted  for  Mena1NV  intensity  >0.55  and  E-Cadherin  intensity  <0.5. 
c  Mean  fluorescence  signal  intensity  plotted  for  E-Cadherin  intensity 
>0.55  and  MenaINV  intensity  <0.5.  Raw  pixel  values  were  normal¬ 
ized  by  the  range  of  intensities  in  each  image,  n  =  5  mice,  three 
image  fields  per  tumor,  d  MMTV-PyMT  tissue  section  stained  for 
MenaINV  (red)  and  vimentin  (green),  dl  Black  bar  quantifies  the 


fraction  of  vimentin-positive  cells  that  are  also  MenaINV-positive, 
grey  bar  quantifies  the  fraction  of  MenaINV-positive  cells  that  are  also 
vimentin-positive.  Results  are  shown  as  mean  ±  SEM  =  2  mice,  5-7 
image  fields  per  tumor  for  f,  g.  Scale  bar  =  20  pm  for  f,  g.  d2  Black 
bar  quantifies  the  fraction  of  vimentin+  cells  that  are  also  MenaINV+ 
in  human  sections,  grey  bar  quantifies  the  fraction  of  MenaINV- 
positive  cells  that  are  also  vimentin+.  Results  are  shown  as 
mean  ±  SEM,  n  =  2,  5-7  image  fields  per  tumor  for  f,  g.  (Color 
figure  online) 


Discussion 

The  data  presented  here  provide  the  first  characterization  of 
endogenous  MenaINV  protein  expression  in  mouse  breast 
cancer  models  and  in  human  invasive  ductal  carcinomas. 
Our  studies  reveal  that  expression  of  Mena1NV  is  hetero¬ 
geneously  distributed  in  tumors  and  that  MenaINV  expres¬ 
sion  can  be  detected  in  early  tumors  with  increasing  levels 
during  early  tumor  progression.  Our  comparison  of 
MenaINV  staining  to  the  distributions  of  well-established 


markers  provides  insight  into  the  nature  of  the  tumor  cells 
that  express  MenaINV. 

We  developed  a  MenaINV  isoform-specific  monoclonal 
antibody,  and  demonstrated  its  specificity  and  functionality 
in  ELISA  and  Western  blot  assays,  and  for  immunodetec¬ 
tion  of  endogenously  expressed  protein  in  human  and 
mouse  sections  of  FFPE  tumor  tissue.  Our  analysis  pro¬ 
vides  important  information  on  the  propoerties  of  cells  that 
express  MenaINV,  allowing  us  to  gain  further  insight  into 
the  potential  mechanisms  by  which  it  drives  metastasis.  We 
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Fig.  6  MenaINV  expression  is  not  restricted  to  cancer  stem  cells, 
a  Representative  images  of  PyMT  tumors  and  human  breast  tumors 
stained  for  MenaINV  (green)  and  Ki67  (red).  Scale  bar  is  30  pm. 
b  Quantification  of  the  fraction  of  Mena1NV-positive  cells  that  are  also 
Ki67-positive  and  the  fraction  of  Ki67-positive  cells  that  are  also 
MenaINV-positive  in  mouse  PyMT  tumors.  Results  are  shown  as 
mean  ±  SEM,  n  =  2  mice,  five  image  fields  per  mouse,  c  Quantifi¬ 
cation  of  the  fraction  of  Mena1NV-positive  cells  that  are  also  Ki67- 
positive  and  the  fraction  of  Ki67-positive  cells  that  are  also  Mena1NV- 
positive  in  human  breast  tumors  from  metastatic  and  non-metastatic 
patients.  Results  are  shown  as  mean  ±  SEM,  n  =  3  tumors,  five 
image  fields  per  tumor,  d  Representative  images  of  PyMT  tumors 


stained  for  MenaINV  (green)  and  the  stem  cell  markers  ALDH  (red) 
and  CD133  (blue),  e  Positive  correlation  between  staining  intensity 
for  CD  133  and  ALDH  in  PyMT  sections,  e  Quantification  of  the 
fraction  of  Mena1NV-positive  cells  that  are  also  CD133-positive  and 
the  fraction  of  CD133-positive  cells  that  are  also  Mena1NV-positive  in 
mouse  PyMT  tumors,  f  Correlation  between  Mena1NV  and  CD  133 
staining  intensity  in  PyMT  tumors,  g  Quantification  of  the  fraction  of 
Mena1NV-positive  cells  that  are  also  ALDH-positive  and  the  fraction 
of  ALDH-positive  cells  that  are  also  MenaINV-positive  in  mouse 
PyMT  tumors,  f  Correlation  between  MenaINV  and  ALDH  staining 
intensity  in  PyMT  tumors.  Results  are  shown  as  mean  ±  SEM,  n  =  4 
tumors,  3-5  image  fields  per  sample.  (Color  figure  online) 


show  that  MenaINV  expression  is  not  enriched  in  cells  with 
increased  proliferation  as  identified  by  Ki67,  or  sternness, 
as  identified  by  cancer  stem  cell  markers  CD  133  and 


ALDH.  Furthermore,  we  show  that  within  the  tumor 
microenvironment,  Mena1NV  expression  is  absent  from 
macrophages,  endothelial  cells  and  fibroblasts,  suggesting 
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Fig.  7  MenaINV  expression  is 
high  in  vascularized  areas, 
a  MMTV-PyMT  and  human 
tissue  section  stained  for 
MenaINV  {green)  and  the 
endothelial  marker  CD31  {red). 
Scale  bar  is  30  pm. 
b  Representative  images  of 
human  beast  tumors  from  a 
metastatic  and  non-metastatic 
tumor,  showing  staining  for 
MenaINV  {green)  and  the 
endothelial  marker  CD31  {red). 
Scale  bar  is  100  pm. 
c  Correlation  between  blood 
vessel  density  and  MenaINV 
staining  intensity  in  human 
breast  tumors.  Data  pooled  for 
three  metastatic  and  three  non¬ 
metastatic  samples,  with  2-3 
fields  of  view  per  sample.  Each 
dot  represents  a  field  of  view, 
e  Representative  image  from  an 
MMTV-PyMT  tumor  stained 
for  MenaINV  and  hypoxic  areas, 
which  were  detected  using  the 
Hypoxyprobe.  Scale  bar  is 
100  pm.  f  Correlation  between 
hypoxia  (as  measured  by 
intensity  of  the  Hypoxyprobe 
staining)  and  MenaINV  staining 
intensity  in  PyMT-MMTV 
tumors.  Data  pooled  from  2 
tumors,  with  over  40  fields  of 
view  analyzed.  Each  dot 
represents  a  field  of  view. 
(Color  figure  online) 
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it  is  likely  restricted  to  the  tumor  compartment.  Finally,  we 
show  that  while  expression  of  MenaINV  is  high  in  areas  of 
high  blood  vessel  density,  it  is  heterogeneous  within  the 
primary  tumor  and  not  confined  to  cells  adjacent  to  blood 
vessels.  In  fact,  MenaINV  expression  can  also  be  detected  in 
non-  (or  perhaps  pre-)  invasive  tumor  compartments  with 
an  intact  basement  membrane,  suggesting  that  MenaINV  is 
expressed  early  during  breast  cancer  progression  and  in 
multiple  locations.  Together,  these  data  suggest  the  role  of 


MenaINV  in  promoting  invasion  and  metastasis  is  not 
restricted  to  a  role  only  in  perivascular  tumor  cells  at  sites 
of  intravasation,  like  those  found  in  TMEM.  This  finding  is 
consistent  with  our  previous  work  showing  that  MenaINV 
promotes  matrix  degradation,  paracrine  signaling  with 
macrophages,  discohesive  tumor  morphology  and 
increased  tumor  cell  motility  [12,  15,  29].  As  recent  work 
demonstrates  that  the  Mena-expressing  tumor  cell  in 
TMEM  is  relatively  stable  [8],  it  will  be  interesting  to 
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determine  whether  and  how  MenaINV  may  contribute  to 
TMEM  assembly  and  function. 

We  have  yet  to  identify  what  aspects  of  the  tumor 
microenvironment  drive  MenaINV  expression  or  the  iden¬ 
tity  of  the  splicing  factor(s)  responsable  for  INV  inclusion. 
During  tumor  progression,  EMT-associated  transcription 
factors  including  Twist,  Snail  and  Zebl  drive  a  wide 
variety  of  alternative  splicing  that  contribute  to  the  mes¬ 
enchymal  phenotype  and  drive  increased  motility  [30]. 
Here,  we  find  that  MenaINV  expression  in  mouse  and 
human  tumors  is  not  restricted  to  either  epithelial  or  mes¬ 
enchymal  cells,  suggesting  that  a  full  passage  through  EMT 
is  not  required  for  INV  inclusion.  A  variety  of  other 
microenvironmental  characteristics  can  facilitate  tumor 
progression  and  could  be  responsible  for  promoting 
inclusion  of  INV.  We  initially  hypothesized  that  increases 
in  blood  vessel  density  or  changes  in  oxygen  availability 
might  drive  INV  inclusion.  However,  we  found  that 
MenaINV  expression  is  not  confined  to  hypoxic  or  highly 
vascularized  areas  within  tumor,  suggesting  that  these 
factors  alone  may  not  be  sufficient  to  induce  MenaINV 
expression. 

Changes  in  extracellular  matrix  composition  or 
mechanical  stimuli  and  secretion  of  a  variety  of  soluble 
factors  from  tumor-associated  stroma  or  the  immune  sys¬ 
tem  also  play  an  important  role  during  tumor  progression. 
We  hypothesize  that  stiffness  changes  in  combination  with 
stromal  factors  will  inclusion  of  the  INV  exon.  Future 
work,  using  in  part  the  assays  described  in  this  manuscript, 
will  focus  on  how  these  combined  stimuli  might  drive 
MenaINV  expression.  Once  the  signals  that  trigger  MenaINV 
protein  accumulation  are  defined,  it  will  be  interesting  to 
determine  whether  expression  of  other  cancer  relevant 
protein  isoforms  is  regulated  coordinately  with  MenaINV. 
Whether  this  substantial  microenvironment-dependent 
increase  in  MenaINV  protein  arises  predominately  from 
changes  in  INV  exon  inclusion  in  its  mRNA  or  involves 
additional  levels  of  regulation  is  also  under  investigation. 

The  development  of  the  isoform  specific  antibody  will 
also  help  advance  the  development  of  Mena  isoform 
assessment  as  prognostic  markers  in  cancer.  Efforts  are 
currently  underway  to  determine  whether  analysis  of 
MenaINV  protein  levels,  either  alone  or  in  combination  with 
other  prognostic  metrics  associated  with  Mena  (e.g. 
MenaCalc  [13]  or  TMEM  [9]),  provides  clinically  useful 
information.  More  recently,  an  additional  Mena  isoform, 
MenaAV6,  has  been  identified  in  some  mesenchymal-like 
tumor  cell  lines  [31].  It  will  be  interesting  to  compare  the 
distributions  of  all  Mena  protein  isoforms  throughout 
tumor  progression.  Finally,  we  have  shown  that  MenaINV 
expression  sensitizes  cells  to  several  growth  factors,  whose 
signaling  pathways  are  targets  of  clinical  trials  for 


metastatic  breast  cancer  [32].  Monitoring  expression  of 
MenaINV  in  tumors  might  help  optimise  drug  treatment  for 
specific  patients,  as  well  as  provide  a  means  to  monitor  for 
acquired  resistance  to  tyrosine  kinase  inhibitors. 

Materials  and  methods 

Antibodies 

The  following  antibodies  were  used  for  immunohisto- 
chemistry:  CD31  (R&D  Systems,  AF806),  Vimentin  (BD, 
RV202),  Ecadherin  (CST,  24E10),  panMena  [19],  Ki67 
(CST  #9037),  CD  133  (EBioscience,  clone  13A4),  ALDH 
(BD,  Clone  44),  Ibal  (Abeam  ab  15690),  aSMA  (Sigma 
clone  1A4). 

Production  of  anti-INV  monoclonal  antibody 

Rabbit  monoclonal  antibodies  were  generated  by  Epito- 
mics,  INC.  Animals  were  immunized  with  a  peptide  con¬ 
taining  the  sequence  encoded  by  the  INV  exon.  Clones 
were  screened  for  MenaINV  specificity  in  Western  blot 
assays  and  by  immunostaining  of  FFPE  tumor  sections 
from  wild  type  or  Mena-null  mice  (Fig  SI). 

Anti-INV  ELISA 

MenaINV  protein  levels  in  lysates  were  quantified  by  a 
custom  sandwich  ELISA.  Anti-panMena  antibody  (1.8  pg/mL) 
was  coated  overnight  at  4  °C  in  96-well  Nunc  Maxisorb 
plates  (Sigma).  After  washing  with  PBS  +  0.5  %  Tween- 
20,  assay  plates  were  blocked  at  25  °C  with  Licor  Odyssey 
Blocking  Buffer  (Licor)  and  lysates  were  added  overnight 
at  4  °C.  Anti-MenaINV  antibody  (0.38  pg/mL)  was  added 
for  2  h  at  25  °C.  Anti-rabbit  horseradish  peroxidase  sec¬ 
ondary  antibody  (1:4000)  (Millipore)  and  TMB  substrate 
(Sigma)  were  used  for  detection.  Recombinant  proteins  that 
contained  a  6XHIS-tagged  Mena-EVHl-INV-LERER 
sequence  or  a  control  6XHIS-tagged  Mena-EVHl-LERER 
construct  that  lacks  the  19  residue  INV  peptide  sequence 
were  utilized  to  create  a  standard  curve  via  four-parameter 
logistic  regression  in  MATLAB,  or  act  as  a  negative  con¬ 
trol,  respectively.  Relative  protein  concentrations  were 
normalized  to  total  protein  content  in  pg. 

Cell  culture 

All  breast  cancer  cell  lines  were  obtained  from  ATCC  and 
cultured  in  DMEM  +  10  %  FBS  (Hyclone).  Cell  lines 
were  engineered  to  stably  express  10-15  fold  higher  levels 
of  Mena  isoforms  more  than  wild-type  cell  lines. 
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Mouse  models 

All  animal  experiments  were  approved  by  the  MIT  Divi¬ 
sion  of  Comparative  Medicine.  PyMT-MMTV  mice  at 
12  weeks  of  age  were  injected  with  10  mg/kg  Hypoxyp- 
robe  1  h  before  sacrifice.  To  detect  hypoxic  areas,  we  used 
the  Hypoxyprobe  kit  according  to  the  manufacturer’s  pro¬ 
tocol  [28],  We  injected  60  mg/kg  of  Piminidazole-HCl  IP 
1  h  before  sacrificing  mice.  Signal  was  then  detected  by 
immunostaining.  Dissected  tumors  were  dissociated  using 
lysis  buffer  (see  below)  and  mortar  and  pestle. 

Western  blotting 

MDAMB231  expressing  different  Mena  isoforms  were 
lysed  in  25  mM  Tris,  150  mM  NaCl,  10  %  glycerol,  1  % 
NP  40  and  0.5  M  EDTA  with  a  protease  Mini-complete 
protease  inhibitors  (Roche)  and  a  phosphatase  inhibitor 
cocktail  (PhosSTOP,  Roche)  at  4  °C.  Protein  lysates  were 
separated  by  SDS-PAGE,  transferred  to  a  nitrocellulose 
membrane,  blocked  with  Odyssey  Blocking  Buffer 
(LiCor),  incubated  in  primary  antibody  overnight  at  4  °C. 
Proteins  were  detected  using  Licor  secondary  antibodies. 

Immunostaining 

Tumors  from  MMTV-PyMT  mice  were  fixed  in  10  % 
buffered  formalin  and  embedded  in  paraffin.  Sections  from 
FFPE  human  breast  cancer  tumors  were  obtained  from  Dr. 
Joan  Jones.  Tissue  sections  (5  pm  thick)  were  deparaf- 
finized  followed  by  antigen  retrieval  using  Citra  Plus 
solution  (Biogenex).  After  treatment  with  3  %  PEO2,  sec¬ 
tions  were  blocked  with  serum  and  incubated  with  primary 
antibodies  overnight  at  4  °C.  Fluorescently  labeled  sec¬ 
ondary  antibodies  were  added  at  25  °C  for  2  h.  For 
detection  of  MenaINV  in  FFPE  sections,  the  INV  antibody 
was  biotinylated,  followed  by  amplification  with  strepta- 
vidin-horseradish  peroxidase,  tyramide-biotin  amplifica¬ 
tion  (Perkin  Elmer),  and  detection  with  a  fluorescently 
tagged  streptavidin  antibody.  Serial  Z  series  image  stacks 
were  collected  using  a  DeltaVision  microscope  controlled 
by  Softworx  software  (GE  Health)  with  a  40  x  1.3  NA 
plan-apo  objective  and  deconvolved  using  Softworx.  Ima¬ 
ges  were  then  analyzed  using  ImageJ. 

Image  analysis 

For  Fig.  2,  images  within  each  panel  were  taken  with  the 
same  settings  and  can  be  compared.  However,  panels  a,  d,  e 
cannot  be  directly  compared  for  intensity  readings.  Tumor 
area  was  delimited  using  DAPI  staining,  and  intensity  of 
signal  was  measured  in  each  field  of  view  using  ImageJ. 
For  Fig.  3,  all  images  were  acquired  simultaneously  and 


intensity  can  be  compared  within  the  figure.  For  Figs.  3g, 
5d,  6a-d,  f,  h,  analysis  of  expression  of  markers  was  done 
on  a  per  cell  basis  in  multiple  fields  of  view  from  multiple 
tissue  samples.  The  number  of  positive  cells  for  a  specific 
marker  was  made  relative  to  the  total  number  of  DAPI- 
positive  cells  in  the  field  of  view.  For  Fig.  5,  custom 
written  Matlab  scripts  were  used  for  image  analysis  of 
ECadherin  levels.  For  Fig.  7,  blood  vessel  density  was 
quantified  using  ImageJ,  quantifying  the  area  covered  by 
blood  vessels  as  marked  by  CD31  staining  relative  to  the 
area  of  the  field  of  view. 
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Abstract 


Fibronectin  (FN)  is  a  major  component  of  the  tumor  microenvironment,  but  its  role  in 
promoting  metastasis  is  incompletely  understood.  Here  we  show  that  FN  gradients  elicit 
directional  movement  of  breast  cancer  cells,  in  vitro  and  in  vivo.  Haptotaxis  on  FN 
gradients  requires  direct  interaction  between  a5pi  integrin  and  Mena,  an  actin  regulator, 
and  involves  increases  in  focal  complex  signaling  and  tumor-cell-mediated  extracellular 
matrix  (ECM)  remodeling.  Compared  to  Mena,  higher  levels  of  the  pro-metastatic 
MenaINV  isoform  associate  with  a5,  which  enables  3D  haptotaxis  of  tumor  cells  towards 
the  high  FN  concentrations  typically  present  in  perivascular  space  and  in  the  periphery 
of  breast  tumor  tissue.  MenaINV  and  FN  levels  were  correlated  in  two  breast  cancer 
cohorts,  and  high  levels  of  MenaINV  were  significantly  associated  with  increased  tumor 
recurrence  as  well  as  decreased  patient  survival.  Our  results  identify  a  novel  tumor-cell- 
intrinsic  mechanism  that  promotes  metastasis  through  ECM  remodeling  and  ECM 
guided  directional  migration. 


Statement  of  significance 

Here,  we  provide  new  insight  into  how  tumor  cell:  ECM  interactions  generate  signals  and 
structures  that  promote  directed  tumor  cell  migration,  a  critical  component  of  metastasis. 
Our  results  identify  a  tumor-cell-intrinsic  mechanism  driven  by  the  actin  regulatory 
protein  Mena,  that  promotes  ECM  remodeling  and  haptotaxis  along  FN  gradients. 
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Introduction 


The  tissue  microenvironment  is  composed  of  stromal  cells  and  extracellular 
matrix  (ECM)  and  is  known  to  contribute  to  tumor  progression(l).  This  compartment  is 
rich  in  substrate-bound  and  soluble  cues,  and  provides  both  the  structure  and  signals 
that  promote  tumor  cell  proliferation,  survival  and  invasion(2).  The  most  abundant  ECM 
proteins  in  mouse  metastatic  breast  tumors  are  fibronectin  (FN)  and  collagens(3).  In 
breast  cancer  patients,  collagen  organization  has  high  prognostic  value(4,5)  and 
increased  FN  correlates  with  disease  progression  and  mortality(6,7).  The  context  and 
mechanisms  by  which  tumor  cells  sense  and  respond  to  changes  in  ECM  abundance 
and  architecture  during  invasion  and  metastasis,  however,  remain  poorly  understood. 

Cancer  cells  can  respond  to  a  variety  of  cues  in  order  to  locally  invade  and 
metastasize.  Growth  factor-mediated  chemotaxis  is  known  to  be  important  for  local 
invasion  and  metastasis(8).  Far  less  is  known  about  haptotaxis,  a  process  in  which  cell 
migration  is  guided  by  gradients  of  surface-bound  molecules  such  as  ECM.  This  is 
particularly  relevant  to  cancer,  where  the  amount  of  FN  within  tumors  can  vary  greatly, 
with  high  concentrations  of  FN  typically  found  near  blood  vessels,  tumor  periphery  and  in 
metastatic  sites(9,10).  While  FN  can  activate  intracellular  signaling  pathways  via 
integrins(1 1),  the  predominant  class  of  surface  adhesion  receptors,  cells  can  also 
remodel  the  ECM,  for  example,  by  driving  integrin-mediated  assembly  of  soluble  FN  into 
fibrils(12).  FN  is  also  known  to  play  an  important  role  in  collagen  fibrillogenesis(  13).  Bi¬ 
directional  communication  between  cells  and  ECM  cues  regulates  cell  behavior  as  well 
as  the  composition  and  structure  of  the  surrounding  ECM. 

Mena,  a  member  of  the  Ena/VASP  family  of  actin  filament  elongation  factors,  is 
upregulated  in  various  cancers  and  undergoes  alternative  splicing  during  breast  cancer 
progression(14).  Mena  binds  to  the  C-terminal  end  of  the  cytoplasmic  tail  of  the  integrin 
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a5  via  an  LERER  repeat  domain  absent  from  other  Ena/VASP  proteins(15).  In 
fibroblasts,  Mena  regulates  both  outside-in  and  inside-out  signaling  at  focal  complexes 
via  its  interaction  with  a5  (15).  MenaINV,  an  alternatively  spliced  isoform  containing  a  19- 
amino  acid  inclusion  (encoded  by  the  “INV”  exon),  is  expressed  in  aggressive  tumor  cell 
subpopulations(16).  MenaINV  expression  promotes  metastasis  by  increasing  sensitivity  to 
EGF(17)  and  the  efficiency  of  matrix  degradation,  invasion  and  intravasation  (18). 
Together,  these  findings  led  us  to  hypothesize  that  the  ECM  may  also  play  an  important 
role  in  Mena/MenaINV-driven  metastasis.  Using  pre-clinical  models  and  analysis  of 
patient  samples,  we  describe  a  previously  unappreciated  mechanism  of  metastasis, 
where  upregulation  of  Mena  and  its  invasive  isoform  endows  tumor  cells  with  the  ability 
to  migrate  up  FN  gradients  and  fashion  their  own  pathway  towards  the  bloodstream. 
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Results 


Mena  drives  haptotaxis  of  tumor  cells  on  FN  gradients  via  its  interactions  with 
a5pi  and  F-actin 

Based  on  the  recent  finding  that  Mena  interacts  with  the  cytoplasmic  tail  of  one  of 
the  main  FN  receptors  a5,  we  hypothesized  that  Mena  may  be  involved  in  directional 
migration  responses  to  gradients  of  FN.  Using  a  recently  developed  microfluidic  device, 
we  studied  cells  migrating  on  FN  gradients  by  time-lapse  imaging,  and  quantified  their 
forward  migration  index  (FMI)  to  assess  haptotaxis  (FiglA)  (19,20).  First,  MV07 
fibroblasts,  which  lack  all  three  Ena/VASP  proteins  (Mena,  VASP  and  EVL(21))  migrated 
actively  in  the  device,  however,  they  failed  to  haptotax  on  the  FN  gradient.  Interestingly, 
Mena-,  but  not  VASP-,  EVL-  expressing  MV07  cells  exhibited  a  robust  haptotactic 
response  and  migrated  up  the  FN  gradient  (Fig  1 B),  even  though  expression  of  each  of 
the  three  EnaA/ASP  proteins  had  previously  reported,  similar  effects  on  cell  speed  (21) 
(FigSIA). 

We  next  examined  Mena-dependent  effects  on  haptotaxis  of  breast  cancer  cells. 
In  serum-free  conditions,  MDAMB231  cells  become  enriched  on  the  FN  coated 
undersides  of  porous  filters  in  transwell  assays(22),  however,  we  found  that  this  cell  type 
failed  to  exhibit  directional  movement  on  FN  gradients  (Fig  1 C).  MDAMB231  cell  lines 
stably  expressing  GFP-tagged  Mena  or  control-GFP  construct  at  levels  similar  to  those 
seen  in  invading  cells  in  vivo  were  generated  (referred  to  as  231 -Control  or  Mena) 
(23)(FigS1B,C).  Ectopic  expression  of  Mena  enabled  significant  haptotactic  responses 
on  2D  gradients  of  FN,  but  not  of  on  2D  laminin  (LN)  or  vitronectin  (VN)  gradients 
(Fig  1 C),  without  affecting  cell  speed  (FigSID).  Varying  the  concentration  of  either  VN  or 
LN  affected  the  speed  of  MDAMB231  and  231 -Mena  cells,  but  failed  to  elicit  significant 
haptotactic  responses  at  any  concentration  tested  (FigSID-G). 
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In  3D  collagen  gels  with  FN  gradients,  Mena  expression  also  induced  a  strong 
haptotactic  response  (Fig  1 D),  independently  of  velocity  (FigSIE).  While  the  exact 
concentration  of  FN  in  tumors  is  unknown,  FN  is  expressed  by  tumor  and  stromal  cells, 
and  accumulates  in  the  perivascular  area  via  leakage  from  the  bloodstream,  where  FN 
levels  as  high  as  400pg/ml  have  been  observed(24).  Due  to  the  heterogeneous  levels  of 
FN  found  in  tumors,  we  studied  haptotaxis  3D  collagen  gels  in  response  to  gradients 
generated  from  different  source  concentrations  of  FN.  In  high  levels  of  FN  (up  to 
500pg/ml),  231-GFP  and  231-Mena  cells  were  unable  to  migrate  up  the  FN  gradient  and 
instead  migrated  away  from  the  FN  source,  indicating  that  the  pro-haptotactic  effect  of 
Mena  on  FN  gradients  is  concentration-dependent. 

The  role  of  integrins  in  FN  haptotaxis,  in  particular  the  two  major  FN-binding 
integrins,  a5pi  and  avp3  integrins,  remains  poorly  understood.  Inhibition  of  a5pi  by  the 
function  blocking  antibody  P1D6,  but  not  of  avp3  by  Cilengitide  (25),  blocked  haptotaxis 
of  231-Mena  cells  (FMI  values  decreased  by  over  90%;  Fig  IE),  indicating  that  Mena- 
driven  FN  haptotaxis  requires  a5pi  signaling  specifically.  We  tested  whether  Mena’s 
ability  to  bind  a5  via  its  LERER  domain  was  required  for  Mena  to  support  haptotaxis 
(Fig  1 F).  MDAMB231  cell  lines  stably  expressing  GFP-tagged  Mena  in  which  the  LERER 
domain  was  deleted  to  abrogate  the  interaction  between  Mena  and  a5  (23 1  - 
MenaALERER)(15)  showed  no  apparent  defects  in  protein  localization  (as  judged  by  the 
GFP-tag),  cell  morphology,  cell  area  or  proliferation  on  plastic  at  steady  state 
(FigS1B,C,F,G).  231-MenaALERER  cells  failed  to  haptotax  in  3D  to  FN  (FMIs  reduced 
by  over  90%;  FigIG),  however,  their  migration  velocity  was  similar  to  cells  expressing 
intact  Mena  (Fig  1 H).  Similar  results  were  obtained  in  MV07  fibroblasts  on  a  2D  FN 
gradient  (FigSI  H,l).  Previously,  we  found  that,  while  the  LERER  domain  was  required 
for  fibroblast  spreading  on  FN,  the  F-actin  binding  site  in  Mena  was 
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dispensable(15)(Fig1  F).  Therefore,  we  investigated  the  role  of  the  F-actin  binding  (FAB) 
site  of  Mena  in  FN-driven  haptotaxis.  231-MenaAFAB  cells  failed  to  haptotax  in  a  FN 
gradient  in  a  3D  collagen  gel  (Fig  1 G),  while  also  displaying  slight  reductions  in  cell 
velocity  (Fig  1 H).  Overall,  these  data  demonstrate  that  sensing  changes  in  FN 
concentrations  depends  on  a5pi  function,  as  well  as  the  ability  of  Mena  to  bind  a5  and 
to  F-actin. 


MenaINV  drives  haptotaxis  in  high  FN  concentrations  in  vitro  and  in  vivo 

We  next  investigated  the  role  of  the  MenaINV  isoform  in  driving  haptotaxis. 
Cultured  cells  show  little  to  no  detectable  MenaINV compared  to  spontaneous  or 
xenograft  mammary  tumors(26).  MDAMB231  and  SUM159  cell  lines  stably  expressing 
GFP-tagged  MenaINV  or  MenaINVALERER  constructs  at  levels  similar  to  those  generated 
for  Mena  (referred  to  as  231-  or  159-MenaINV  or  MenaINVALERER)  were  made 
(FigS1B,C).  Surprisingly,  unlike  Mena,  MenaINV  enabled  tumor  cell  haptotaxis  through 
gradients  of  high  FN  concentrations,  even  up  to  500  pg/ml  (Fig2A),  effects  that  were 
independent  of  velocity  (FigS2A,B).  In  contrast,  varied  concentration  gradients  of  either 
VN  or  LN  failed  to  elicit  significant  haptotactic  responses  by  231-MenaINV  cells, 
suggesting  this  response  was  specific  to  FN  (FigS2D,E).  Inhibition  of  a5pi ,  but  not  of 
avp3  blocked  haptotaxis  of  231-MenaINV  cells  (Fig2B,S2C).  MenaINV  also  binds  the 
cytoplasmic  tail  of  a5  directly  via  its  LERER  domain;  we  found  that  231-MenaINVALERER 
and  231-MenaINVAFAB  cells  also  failed  to  haptotax  in  3D  to  FN  (Fig2B).  These  findings 
were  confirmed  in  2D  and  3D  collagen  gels  using  SUM-159  cells  expressing  the  different 
GFP-tagged  Mena  isoforms  (FigS2F-l).  Overall,  these  data  suggest  that  expression  of 
MenaINV  enables  cells  to  haptotax  at  higher  FN  concentrations  than  Mena. 
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While  upregulation  of  FN  in  aggressive  tumors  is  thought  to  promote  invasion 
and  metastasis,  whether  FN  gradients  play  a  role  in  guiding  tumor  cell  migration  in  vivo 
has  not  been  established.  Xenograft  tumors  were  generated  in  in  the  mammary  fat  pad 
of  immunocompromised  mice  using  MDAMB231  and  SUM159  cells.  We  assayed  the 
ability  of  cells  from  the  primary  tumor  to  invade  actively  into  microneedles  loaded  with 
collagen  and  increasing  concentrations  of  FN(27).  231 -Control  tumor  cells  were  not 
attracted  to  FN  in  vivo  (Fig2C),  while  231 -Mena  tumor  cells  exhibited  a  biphasic 
response  with  robust  invasion  by  231 -Mena  cells  at  intermediate  FN  concentrations,  but 
little  to  no  invasion  into  needles  with  either  low  or  high  FN  concentrations  (Fig2C). 
Interestingly,  231-MenaINV  cells  were  still  attracted  into  the  needles  containing  the  high 
concentrations  of  FN  (Fig2C).  While  Mena  can  promote  invasion  in  vivo  in  response  to 
intermediate  FN  gradients,  MenaINV  allows  tumor  cells  to  migrate  through  substantially 
higher  (2-fold  greater)  FN  concentrations. 

To  visualize  FN-driven  haptotactic  responses  inside  tumors,  we  used  a 
microscale  implantable  device  that  allows  for  in  vivo  release  of  molecules  in 
gradients(28).  Devices  filled  with  Rhodamine-labeled  FN  were  implanted  near  the  edges 
of  MDAMB231  or  SUM159  orthotopic  tumors  to  generate  high  concentration  FN 
gradients  (Fig2D).  Using  intravital  imaging,  cell  motility  and  FMIs  were  quantified  in 
response  to  gradients  of  FN  or  to  fluorescently  labeled  dextran  similar  of  size  to  FN  as  a 
control  (FigS2J).  Expression  of  MenaINV,  but  not  Mena,  in  human  MDAMB231  and 
SUM159  cells  significantly  increased  the  number  of  cells  moving  in  the  xenograft  tumors 
an  effect  dependent  on  the  interaction  with  a5pi  (FigS2L,M).  In  tumors  implanted  with 
FN-loaded  devices,  231-MenaINV,  but  not  231 -Control  or  231 -Mena  cells  moved  towards 
the  FN  gradient  (Fig2E,  representative  images  with  cell  tracks  FigS2K  and 
supplementary  videos  1&2).  In  contrast,  231-MenaALERER  and  MenaINVALERER  cells 
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did  not.  Similarly,  cells  in  159-MenaINV  tumors  migrated  towards  the  FN,  an  effect  that 
was  absent  in  159-Control  or  159-MenaINVALERER  tumor  cells  (Fig2F).  Altogether, 
using  the  needle  collection  assay  and  intravital  imaging,  we  show  for  the  first  time  that 
haptotaxis  towards  FN  occurring  in  vivo  is  driven  by  MenaINV  and  its  interaction  with  a5 


Mena  isoform  expression  correlates  with  FN  and  integrin  a5  expression  levels  as 
well  as  outcome  in  human  breast  cancer  patients 

Previous  work  demonstrated  that  forced  expression  of  MenaINV  drives  metastasis 
in  xenograft  tumor  models(17)  and  that  MenaINV  mRNA  levels,  as  detected  by  qPCR  are 
relatively  higher  in  cells  that  intravasate  efficiently  and  in  patients  with  high  numbers  of 
TMEM  (a  structure  containing  a  tumor  cell,  macrophage  and  endothelial  cell  associated 
with  the  likelihood  of  metastasis  in  ER+/Her2"  breast  cancer  patients)  (29).  However,  the 
relationship  between  MenaINV  mRNA  or  protein  levels  and  patient  outcome  in  human 
breast  cancer  patients  has  not  been  investigated.  First,  we  analyzed  the  1060  breast 
cancer  patients  in  the  TCGA  cohort  with  RNAseq  and  clinical  data  available  (30).  Since 
the  INV  exon  was  not  annotated  when  the  RNAseq  data  were  first  analyzed,  we 
accessed  the  raw  sequence  data  and  mapped  reads  in  each  sample  to  all  Mena  exons. 
Separating  patients  into  quartiles  according  to  Mena  expression  failed  to  reveal  any 
significant  correlations  between  Mena  levels  (judged  by  levels  of  constitutively-included 
exons)  and  overall  survival  in  the  entire  TCGA  breast  cancer  cohort  (Fig  S3A)  or  in  the 
subset  of  patients  with  >10yr  follow-up  (Fig  3A).  However,  patients  with  high  levels  (top 
1/4)  of  MenaINV  mRNA  (as  assessed  by  the  abundance  of  INV  exon  sequence  reads) 
exhibited  significantly  reduced  survival  compared  to  patients  in  each  of  the  three  lower 
quartiles  of  MenaINV  expression  (Figs  3B,  S3B).  Similar  results  were  found  in  the  node¬ 
negative  patient  subgroup  (FigS3E).  Furthermore,  both  Cox  and  logistic  regression 


10 


demonstrated  that  MenaINVwas  a  substantially  stronger  predictor  of  poor  outcome  in 
patients  with  10-year  follow  up  than  Mena  alone  (Figs  3C,D,  S3C,D);  models  combining 
MenaINVand  Mena  expression  levels  failed  to  increase  the  predictive  power  beyond  that 
of  MenaINV.  We  next  studied  how  MenaINV  levels  correlated  with  FN  and  a5  expression  in 
this  dataset.  Overall  Mena  and  MenaINV  expression  were  both  significantly  correlated 
with  FN,  and  to  a  lesser  degree  a5  (FigS3F).  In  particular,  in  patients  with  >10yr  follow¬ 
up,  we  observed  a  highly  significant  correlation  between  Mena,  MenaINV  and  FN  or  a5  in 
patients  that  succumbed  to  their  disease,  that  was  absent  in  surviving  patients 
(FigS3G,H). 

Using  a  newly  developed  antibody  specific  for  MenaINV(26),  we  then  investigated  the 
relationship  between  endogenous  MenaINV,  a5  and  FN  protein  using  immunostaining  in 
the  MMTV-PyMT  spontaneous  mouse  model  of  breast  cancer(31)  and  in  a  previously 
characterized  tissue  microarray  (TMA)  of  300  patients(32).  Both  Mena  and  MenaINVare 
expressed  in  PyMT  tumors  (Fig3E)  and  can  be  detected  in  cells  that  also  express  a5pi 
(Fig3F).  MenaINV  expression  and  distribution  significantly  correlated  with  that  of  FN  in 
this  model  (Fig3G,H).  We  also  found  a  significant  correlation  between  FN  and  MenaINV 
levels  in  the  TMA  (Fig3l,J).  Similarly,  in  patients  represented  by  the  TMA,  higher  MenaINV 
levels  were  significantly  correlated  with  poor  outcome  (FigS3l).  In  addition,  patients  with 
recurrent  disease,  either  local  or  at  a  distant  site,  had  significantly  higher  levels  of 
MenaINV  (Fig3K).  Logistic  regression  analysis  indicated  that  MenaINV  expression  MenaINV 
was  a  significant  predictor  of  recurrence  (Coefficient  of  0.377,  p  =  0.0186).  An  average 
4.6-fold  increase  in  MenaINV  expression  correlated  with  a  2-fold  increase  in  the  number 
of  patients  with  recurrence  (FigS3J,K).  Further  increases  in  MenaINV  expression  did  not 
correlate  with  further  increases  in  recurrence,  suggesting  that  even  small  increases  in 
MenaINV  protein  expression  can  affect  recurrence.  While  mRNA  levels  of  either  MenaINV 
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or  FN  alone  did  not  correlate  with  time  to  disease  recurrence,  patients  with  high  levels  of 
both  MenaINV  and  FN  showed  a  statistically  significant  decrease  in  time  to  recurrence 
(Fig3L).  Together,  these  data  provide  the  first  evidence  that  MenaINV  RNA  and  protein 
levels  correlate  with  tumor  recurrence  and  survival  and  support  a  link  between 
endogenous  MenaINV,  a5  and  FN  expression  in  breast  cancer  patients. 

To  evaluate  the  role  of  Mena/MenaINV-driven  haptotaxis  in  metastasis,  we 
quantified  the  number  of  spontaneous  metastases  in  the  lungs  of  mice  with  MDAMB231 
and  SUM159  xenografts.  Mice  were  sacrificed  when  primary  tumor  size  reached  1cm  in 
diameter.  Interestingly,  the  initial  growth  rate  of  231-  and  159-MenaINVALERER  tumors 
was  slower  than  that  of  tumors  generated  from  the  other  cell  lines  (FigS4A,B).  While 
there  were  only  minor  changes  in  proliferation  levels  as  detected  using  the  marker  Ki67, 
231-MenaINVALERER  tumors  had  a  6-fold  increase  in  levels  of  the  apoptotic  marker 
cleaved  caspase-3  (FigS4D,E).  This  delay  in  tumor  growth  and  increase  in  cell  death 
could  be  rescued  by  co-injecting  231-MenallwALERER  cells  with  wild-type  MDAMB231 
cells  expressing  mCherry  or  by  letting  them  grow  for  12  weeks  instead  of  8  to  reach  1cm 
in  diameter  (FigS4D,E).  Expression  of  MenaINV  significantly  increased  the  metastatic 
index  in  the  lungs  5-fold  in  both  human  cell  lines  at  8  weeks,  compared  to  control  231s 
(Fig3M-0).  Deletion  of  the  LERER  region  in  both  Mena  and  MenaINV  significantly 
decreased  the  lung  metastatic  index  (Fig3N,0).  Similar  results  were  found  in  the  poorly 
metastatic  SUM159  cell  line  (Fig  S4E).  Similarly,  depletion  of  all  Mena  isoforms  in 
MDAMB231  cells  using  shRNA  also  delayed  tumor  growth,  as  well  as  decreasing  tumor 
cell  motility  and  metastasis  (FigS4G-M).  These  data  support  a  model  whereby 
Mena/MenaINV-driven  a5-dependent  haptotaxis  plays  a  key  role  in  promoting  tumor 
metastasis. 
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Haptotaxis  on  FN  gradients  is  dependent  on  signaling  at  focal  complexes  (FXs) 

We  next  investigated  the  mechanism  by  which  Mena  isoforms  drive  haptotaxis  at 
low  and  high  FN  concentrations.  One  way  FN  can  support  cell  migration  is  by  activating 
integrin-mediated  intracellular  signaling  pathways  at  FXs  that  promote  cell  motility(1 1). 
When  plated  on  2D  collagen  and  FN,  both  231-Mena  and  231-MenaINV  cells  showed 
increases  in  cell  area  and  in  the  number  of  a5-positive  adhesions  relative  to  control  cells, 
or  to  cells  plated  on  collagen  only,  an  effect  dependent  on  a5  activity  as  well  as  the  05- 
binding  LERER  domain  (Fig4A-E).  While  231-MenaINV  cells  showed  a  30%  increase  in 
both  total  and  surface  levels  of  a5,  the  steady  state  levels  of  av,  pi  and  other  integrins 
examined  were  unchanged  (FigS5A-G).  Furthermore,  plating  cells  on  FN  also  increased 
the  levels  of  a5  within  Mena-positive  adhesions  (indicated  by  the  GFP  tag),  with  231  - 
MenaINV  cells  showing  increased  a5  levels  relative  231-Mena  cells  (Fig4B,F).  The  FN- 
driven  recruitment  of  a5  to  Mena-positive  adhesions  was  dependent  on  a5  activity  as 
well  as  the  LERER  domain  for  both  isoforms  (Fig4F,G).  231-MenaINVALERER  cells  also 
had  reduced  number  of  Mena-positive  adhesions  (FigS5l). 

Phosphorylation  of  several  proteins  at  focal  adhesions  downstream  of  integrin 
activation,  particularly  focal  adhesion  kinase  (FAK),  is  important  for  motility  and 
tumorigenesis  (1 1 ,33).  Pharmacological  inhibition  of  FAK  inhibited  Mena  and  MenaINV- 
driven  haptotaxis  on  low  FN  gradients  (Fig4H).  Immunofluorescence  of  haptotaxing  cells 
revealed  that  both  231-Mena  and  MenaINV  cells  show  increased  number  of  pFAK397- 
positive  adhesions  (Fig4l,J).  In  231-MenaINVALERER  or  231-MenaINVAFAB  cells,  the 
number  of  pFAK397-positive  adhesions  in  the  cells  was  significantly  lower  than  in  231  - 
MenaINV  cells  (Fig4K).  When  cells  were  plated  on  high  FN  gradients,  only  231-MenaINV 
cells  haptotaxed  (Fig  S5J)  and  accordingly,  these  cells  had  a  significant  increase  in  the 
number  of  pFAK397-positive  adhesions  relative  to  231-Mena  or  control  cells  (Fig4L). 


13 


These  data  suggest  that  outside-in  activation  of  integrins  and  Mena-dependent  FX 
signaling  by  FN  is  important  for  haptotaxis  of  tumor  cells. 


The  differences  between  focal  complex  composition,  signaling  and  haptotaxis 
arising  from  expression  of  MenaINV  vs.  Mena  prompted  us  to  ask  whether  we  could 
detect  any  relevant  biochemical  differences  between  the  isoforms.  Previously  we 
demonstrated  that  Mena  could  be  detected  in  complex  with  a5  by  co- 
immunoprecipitiation  (I P)(  1 5).  We  performed  a5  IPs  to  compare  the  amounts  of  Mena 
and  MenaINV  in  complex  with  a5,  and  reproducibly  detected  an  average  2.2  fold  greater 
level  of  MenaINV  compared  to  Mena  by  western  blot  of  anti-a5  IPs  (Fig4M,N).  Thus 
inclusion  of  INV  in  Mena  leads  to  significantly  increased  association  with  a5pi. 


MenahJ  -driven  ECM  remodeling  is  required  for  3D  haptotaxis 

FN  could  also  support  haptotaxis  through  its  role  in  providing  structural  support 
for  cells,  particularly  in  3D  and  in  the  presence  of  collagen.  FN  fibrillogenesis  exposes 
cryptic  binding  sites  in  FN  normally  hidden  in  the  globular  form(12)  and  fibrillar  FN  can 
bind  collagen  and  regulate  its  deposition  and  organization(13).  231 -Mena  and  MenaINV 
cells  had  increased  number  of  protrusions  in  low  FN  gradients,  while  in  high  FN 
gradients,  only  231-MenaINV  cells  showed  this  phenotype  (Fig  S6A).  Similarly,  231  - 
MenaINV  cells  were  more  elongated  than  Mena  or  Control  cells  in  the  presence  of  a  FN 
gradient  in  vivo ,  an  effect  dependent  on  the  interaction  with  a5  (FigS6B,C).  We  also 
found  that  231-MenaINV  exhibited  increased  accumulation  (20%)  of  FN  (Fig5A,B)  and 
collagen  (Fig5A,C)  at  both  low  and  high  FN  concentrations  after  24  hrs,  while  neither 
231 -Mena  nor  231 -Control  cells  exhibited  any  significant  accumulation  of  the  two  ECM 
proteins.  FN-triggered  outside-in  signaling  was  insufficient  to  support  MenaINV-dependent 
haptotaxis  in  3D  gels,  as  231  -MenaINV  cells  failed  to  haptotax  on  a  gradient  of  FN7-1 1 ,  a 
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fragment  of  FN  that  activates  signaling  via  RGD-binding  integrins,  but  cannot  form  fibrils 
(12)  (Fig5D).  Inhibition  of  fibrillogenesis  by  addition  of  a  70kD  FN  fragment  that  contains 
the  cryptic  FN-  and  collagen  binding  sites  in  FN  (34)  blocked  MenaINV-driven  3D 
haptotaxis  (Fig5E).  Therefore,  the  formation  of  FN  fibrils  is  important  for  FN  to  evoke 
directional  motility  of  tumor  cells  in  3D.  Addition  of  the  70kD  FN  fragment  to  spreading 
231-MenaINV  cells  decreased  the  number  of  a5-positive  adhesions  as  well  as  a5 
recruitment  to  MenaINV-positive  adhesions  (FigS6D-G),  suggesting  that  fibrillar  FN  may 
enhance  assembly  of  a5pi-containing  adhesions. 

In  231 -MenaINV  cells,  inhibition  of  a5pi  decreased  accumulation  of  both  FN  and 
collagen,  while  inhibition  of  avp3  had  little  or  no  effect.  231-  MenaINVALERER  and  231  - 
MenaINVAFAB  cells  had  decreased  FN  and  collagen  (Fig5F,G)  accumulation  around  the 
cells.  Inhibition  of  protease  activity  with  the  broad-spectrum  matrix  metalloproteinase 
(MMP)  inhibitor  BB94  had  no  effect  on  ECM  reorganization,  but  inhibition  of  acto-myosin 
contractility  by  the  ROCK  inhibitor  Y-27632  did  decrease  collagen  and  FN  accumulation 
around  the  cells  (FigS6H,l).  These  results  indicate  that  MenaINV-driven  a5-dependent  FN 
and  collagen  accumulation  by  the  tumor  cells  themselves  is  important  for  haptotaxis. 


MenaINV  expression  drives  collagen  reorganization  in  tumors 

Given  the  role  of  MenaINV  in  driving  ECM  reorganization  in  vitro,  the  importance 
of  FN  for  collagen  fibrillogenesis(13),  and  recent  published  work  showing  that  collagen 
organization  can  correlate  with  disease  outcome(5),  we  next  examined  whether  the 
changes  in  ECM  accumulation  observed  short-term  in  vitro  translated  into  significant 
changes  in  the  structure  and  abundance  of  collagen  in  vivo.  Using  Second  Harmonic 
Generation  (SHG),  we  examined  the  structure  and  abundance  of  collagen  in  multiple 
tumors  to  investigate  whether  Mena  and  MenaINV  were  associated  with  changes  in 
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collagen  abundance  and  organization  in  vivo.  We  examined  the  thickness  of  the 
collagen  capsule  surrounding  the  tumors.  Intravital  imaging  of  tumors  revealed  that 
deletion  of  the  LERER  in  both  231 -Mena  and  MenaINV  tumors  lead  to  significantly 
thicker,  collagen  capsules  (FigS6J).  Similarly,  knockdown  of  Mena  in  231  cells  also  led 
to  an  increase  in  collagen  thickness  (FigS6K).  Histological  analysis  of  tumor  sections 
showed  that  tumors  in  MMTV-PyMT  mice  null  for  Mena,  known  to  have  significantly 
lower  levels  of  metastasis(35),  showed  significantly  increased  collagen  levels,  compared 
to  wild-type  mice  (Fig6A,B).  Endogenous  MenaINV  levels  in  wild-type  PyMT  tumors  were 
correlated  with  lower  levels  of  collagen  (Fig6C,D).  In  patients  with  high  MenaINV 
expression,  there  was  significantly  lower  collagen  signal  than  in  patients  with  low 
MenaINV  expression  (Fig6E,F).  Together,  these  data  suggest  that  highly  invasive  tumors 
arising  from,  or  correlating  with  MenaINV  expression  were  associated  with  thinner 
collagen  capsules,  while  the  poorly  metastatic  tumors  arising  from  Mena  deficient  cells 
were  associated  with  thicker  collagen  capsules. 

While  the  amount  of  collagen  deposition  surrounding  tumor  an  important  factor  in 
local  invasion,  changes  in  collagen  shape  and  orientation  have  also  been  linked  with 
invasiveness.  A  lower  density  of  collagen  organized  into  straight  fibers  oriented 
perpendicularly  to  the  edge  of  the  tumor  has  been  associated  with  poor  outcome  in  a 
breast  cancer  cohort  (5).  Representative  images  of  the  collagen  at  the  edge  of  the 
MDAMB231  and  SUM159  xenograft  tumors  show  231 -Control  and  231 -Mena  tumors 
had  dense,  curly  collagen  fibers,  organized  in  all  directions  relative  to  the  tumor  edge 
(Fig6G,H,  FigS6L).  However,  231 -MenaINV  tumors  displayed  a  significantly  increased 
frequency  of  fibers  orientated  perpendicular  to  the  tumor  edge  (Fig6G,H).  231  - 
MenaALERER  and  231-MenaINVALERER  tumors  had  collagen  fibers  parallel  to  the 
tumor  edge  (FigS6L,M).  Indeed,  these  tumors  contained  abundant  collagen  fibers  with 
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very  small  angles  relative  to  the  tumor  edge.  Both  phenotypes  were  also  observed  in 
tumors  generated  with  SUM159  cells  (Fig6G,  S6N,0).  Together,  these  results  indicate 
that  the  initial  MenaINV-dependent  changes  in  ECM  accumulation  observed  in  our  short¬ 
term  in  vitro  assays  can  translate  in  vivo  (over  much  longer  time  scales  associated  with 
tumor  progression)  into  significant  reductions  in  overall  accumulation  of  encapsulating 
collagen  accompanied  by  increased  abundance  of  linear  fibers  oriented  perpendicularly 
to  the  tumor  margin. 
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Discussion 


Our  results  lead  us  to  propose  a  novel  mechanism  by  which  tumor  cells  sense,  respond 
to,  and  reorganize  the  ECM  to  support  metastasis  (summarized  in  Fig  7).  Integrin- 
dependent  outside-in  signaling  at  FXs,  as  well  as  inside-out  ECM  remodeling  are 
necessary  for  directional  migration  towards  FN.  FN  and  a5  expression  are  upregulated 
in  breast  cancer  tumors  and  high  levels  of  tumor  FN  and  a5  have  been  associated  with 
poor  outcome(7),  though  not,  by  themselves,  in  the  datasets  we  analyzed.  Given  the 
heterogeneous  levels  of  FN  within  both  the  primary  tumor  and  metastatic  niche, 
disseminating  cells  must  be  able  to  migrate  effectively  through  areas  of  different  FN 
concentrations,  as  well  as  to  move  from  areas  of  low  FN  to  areas  of  high  FN  and  vice 
versa.  In  addition  to  simply  being  permissive  for  migration,  we  show  that  FN  acts  as  a 
directional  cue  in  vivo.  Expression  of  Mena  drives  haptotaxis  at  low  FN  concentrations, 
while  expression  of  MenaINV  allows  cells  to  migrate  at  high  concentrations  of  FN  similar 
to  those  present  around  blood  vessels  in  tumors(9).  Abrogation  of  the  interaction 
between  Mena/MenaINV  and  a5pi  abolished  haptotaxis  in  vitro,  while  also  significantly 
decreasing  metastasis  in  two  mouse  xenograft  breast  cancer  models.  Together,  these 
findings  support  the  idea  that  FN  can  act  as  a  potent  guidance  and  motility  cue  for  tumor 
cells  during  metastatic  progression. 

At  a  mechanistic  level,  inclusion  of  the  INV  sequence  increases  the  association 
of  Mena  with  a5  by  2.2  fold.  We  propose  that  increased  association  of  MenaINV  vs. 

Mena  with  a5  likely  underlies  the  isoform-specific  differences  in  a5pi -mediated  effects 
on  haptotaxis  and  focal  complexes.  The  INV  sequence  is  inserted  between  the  amino 
terminal  EVH1  domain  in  Mena,  which  mediates  interactions  with  several  other 
molecules  associated  with  integrin  function,  and  the  LERER  domain,  which  binds  directly 
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to  a5(15,36).  It  will  be  of  great  interest  to  determine  exactly  how  the  INV  sequence 
modifies  interactions  with  a5. 

The  ECM  can  also  deliver  signals  to  other  types  of  receptors  by  providing  binding 
sites  for  their  ligands  (37).  While  it  is  well  established  that  proteoglycans  directly  bind 
growth  factors,  allowing  the  ECM  to  act  as  a  reservoir  for  invasive  signals  (38),  emerging 
evidence  suggests  that  ECM  proteins  contain  domains  that  may  allow  them  to  activate 
receptor  tyrosine  kinases  directly.  FN-mediated  activation  of  a5pi  can,  for  example,  lead 
to  HGF-independent  activation  of  Met  to  promote  invasion  in  ovarian  cancer  cells  (39).  In 
addition,  expression  of  mutant  p53  protein,  which  is  mutated  in  50%  of  cancers  (40),  can 
drive  invasion  through  enhanced  RCP-dependent  co-recycling  of a5pi  with  several 
receptor  tyrosine  kinases  (RTKs),  including  EGFR  and  Met  (25,41).  Given  that  MenaINV 
expression  sensitizes  cells  to  EGF,  enabling  them  to  invade  and  migrate  in  response  to 
low  EGF  concentrations  (17,18,42),  it  will  be  interesting  to  investigate  the  potential  role 
of  crosstalk  with  RTK  signaling  in  MenaINV-driven  haptotaxis. 

The  importance  of  tumor-cell-driven  FN  fibrillogenesis  and  ECM  remodeling  in 
MenaINV-driven  haptotaxis  is  surprising.  FN  polymerization  is  required  for  deposition  of 
collagen  1(34)  and  antibody  binding  to  the  collagen-binding  site  on  FN  inhibits  collagen 
fibrillogenesis(43).  Here,  we  show  for  the  first  time  that  tumor-cell-mediated  FN 
fibrillogenesis  is  required  for  haptotaxis,  a  process  driven  by  expression  of  MenaINV.  We 
also  show  the  first  evidence  for  tumor-cell-driven  collagen  reorganization  in  vivo,  also 
driven  by  MenaINV  and  its  interaction  with  a5pi.  Together,  these  data  suggest  that  tumor 
cells  can  pave  their  own  way  to  blood  vessels.  While  the  mechanism  by  which  FN  and 
integrins  drive  collagen  fibrillogenesis  remains  incompletely  understood,  our  results 
indicate  that  MenaINV  provides  a  link  between  integrin  activation  and  the  cytoskeleton  to 
drive  ECM  organization  by  tumor  cells.  The  MenaINV-driven  reduction  in  collagen 
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encapsulation  and  increase  in  linear  fibrils  radiating  from  the  tumor  periphery,  in  turn, 
further  enhance  metastatic  phenotypes.  Overall,  our  findings  highlight  the  potential 
importance  of  bi-directional  integrin-mediated  signaling  in  the  tumor  cell  compartment  in 
addition  to  the  previously  characterized  contributions  from  stromal  cells(4)  in  the 
regulation  of  ECM  structure. 

Our  data  also  support  a  role  for  the  relationship  between  MenaINV,  a5  and  FN  in 
human  breast  cancer.  Using  an  isoform-specific  antibody  and  bioinformatic  analysis  of 
available  TOGA  data,  we  found  that  high  expression  levels  of  MenaINV  and  FN  are 
associated  with  increased  recurrence  and  poor  outcome  in  two  human  breast  cancer 
cohorts.  Future  studies  on  larger  patient  cohorts  will  be  needed  to  help  determine  the 
utility  of  MenaINV  as  a  diagnostic  and  prognostic  marker,  and  whether  it  provides 
additional  information  when  used  in  conjunction  with  other  tumor  markers.  Altogether, 
our  findings  reinforce  the  importance  of  MenaINV  in  human  breast  cancer,  and  suggest 
that  targeting  the  chemotactic  and  haptotatic  pathways  by  which  MenaINV  promotes 
invasion  could  be  useful  therapeutically  for  metastatic  breast  cancer. 
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Materials  and  methods 


Antibody  reagents,  growth  factors  and  inhibitors 

Antibodies:  a5  (for  IF:  BD  Biosciences,  #555651,  for  IP:  Millipore,  AB1928  and  for  WB: 
Santa  Cruz  Biotechnology,  sc-166681),  av  (BD  Biosciences,  611012),  a6  (Abeam, 
ab10566),  a2  (Abeam,  abl 33557),  pi  (BD  Biosciences,  610467),  FAK  (BD  Biosciences, 
610087),  pFAK  Y397  (Invitrogen,  44-625G),  Cleaved  Caspase  3  (CST,  9661),  Ki67 
(CST,  9027),  FN  (BD  Biosciences),  p53  (CST,  clone  1C12),  RCP  (Sigma).  See  (26)  for 
description  of  MenaINV  rabbit  monoclonal  antibody.  Animals  were  immunized  with  a 
peptide  containing  the  sequence  encoded  by  the  INV  exon.  Clones  were  screened  for 
MenaINV  specificity  in  Western  blot  assays  and  by  immunostaining  of  FFPE  tumor 
sections  from  wild  type  or  Mena-null  mice  (FigS3)  (26).  Cilengitide  (Selleck  Chemicals), 
P1D6  a5  blocking  antibody  (DSHB),  FAKi  (Santa  Cruz),  70kD  fragment  and  its  control 
peptide  for  blockade  of  fibrillogenesis  (gift  from  Dr.  Sottile,  University  of  Rochester),  FN 
7-11,  purified  from  a  plasmid  from  ROH). 

Cell  culture 

MDAMB231  cells  were  purchased  directly  from  ATCC  in  June  2012,  where  cell  lines  are 
authenticated  by  short  tandem  repeat  profiling.  These  cells  not  re-authenticated  by  our 
lab,  and  were  cultured  in  DMEM  with  10%  FBS  (Hyclone).  SUM159  cells  were  obtained 
from  Joan  Brugge’s  lab  at  Harvard  Medical  School  (January  2011)  and  were  not  re- 
authenticated  in  our  lab.  SUM159  cells  were  cultured  according  to  the  ATCC  protocols. 
MV07  fibroblasts  cells  were  isolated  from  mice  in  our  lab  in  October  1999  and  cultured  as 
previously  described(15).  These  cell  lines  were  authenticated  in  our  lab  and  deletion  of 
Mena  was  verified  at  the  mRNA  and  protein  level.  Retroviral  packaging,  infection,  and 
FACS  were  performed  as  previously  described  (15).  Cell  lines  were  engineered  to 
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express  Mena  isoforms  stably  at  10-15-fold  higher  levels  than  parental  lines.  MV07 
fibroblasts  were  isolated  were  maintained  at  32°C,  5%  C02  in  DME  supplemented  with 
1-Glutamine,  penicillin  and  streptomycin,  15%  fetal  bovine  serum,  and  50U/ml  interferon 
(1-4777;  Sigma)  (15).  Stable  Knockdown  cell  lines  were  generated  using  mir30-based 
shRNA  sequence  ‘CAGAAGACAATCGCCCTTTAA’  for  Mena  expressing  an  mCherry 
tag. 

Immunohistochemistry 

Fixation,  processing  and  staining  of  tissue  sections  from  tumors  was  carried  out  as 
previously  described  (18).  Tumors  dissected  from  NOD/SCI D  mice  were  fixed  in  10% 
buffered  formalin  and  embedded  in  paraffin.  Tissue  sections  (5pm  thick)  were 
deparaffinized  followed  by  antigen  retrieval  using  Citra  Plus  solution  (Biogenex).  After 
endogenous  peroxidase  inactivation,  sections  were  incubated  with  primary  antibodies 
overnight  at  4°C  and  fluorescently  labeled  secondary  antibodies  at  room  temperature  for 
2  hrs.  Sections  were  stained  using  the  following  antibodies:  anti-Mena  (1:500),  anti-Ki67 
(BD  Biosciences),  cleaved  Caspase-3  (BD  Biosciences).  Fluorochromes  on  secondary 
antibodies  included  AlexaFluor  594,  AlexaFluor488  and  AlexaFluor  647  (Jackson 
Immunoresearch).  Sections  were  mounted  in  Fluoromount  mounting  media  and  imaged 
at  room  temperature.  Z  series  of  images  were  taken  on  an  Applied  precision  Delta  Vision 
microscope  using  Softworx  acquisition,  an  Olympus  40x  1.3  NA  plan  apo  objective  and  a 
Photometries  CoolSNAP  HQ  camera.  Images  were  deconvolved  using  Deltavision 
Softworx  software  and  objective  specific  point  spread  function.  At  least  4  images  were 
captured  for  each  tumor,  with  at  least  3  tumors  per  tumor  group. 


TMA 
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Details  of  the  patient  cohort  and  associated  data  used  to  generate  the  TMA  are 
published  (32).  The  TMA  was  stained  by  immunofluorescence  and  imaged  with  a 
Vectra  automated  slide  scanner  and  a  20X  objective.  The  field  of  view  with  this 
objective  covers  90%  of  the  core  spot.  Each  patient  had  three  cores  on  the  TMA. 
All  were  imaged,  but  some  had  to  removed  due  to  lack  of  tissue  or  folded  tissue. 
Fluorescence  intensity  in  the  tumor  compartment  was  analyzed  using  Inform  software. 
MenaINV  and  FN  intensity  metrics  are  in  arbitrary  units. 

Haptotaxis  assays 

Microfluidic  devices  were  prepared  as  described  (19).  For  haptotaxis  on  a  2D  matrix, 
after  bonding  PDMS  devices  to  Mattek  dishes,  the  chamber  was  coated  with  0.1  mg/ml 
Collagen  I  for  1  hr  at  37°C  and  then  250pg/ml  fluorescently-labeled  FN  was  flowed 
through  the  source  channel  for  1  hr.  Cells  were  then  plated  in  the  device  in  full  serum 
media  and  left  to  attach  for  1  hr  before  imaging.  For  haptotaxis  in  a  3D  matrix,  cells  were 
resuspended  in  1  mg/ml  collagen  I  (BD  Biosciences)  with  10X  DMEM  and  IN  NaOH  and 
3nM  EGF  in  full  serum  media,  plated  in  the  cell  culture  chamber,  and  left  to  settle  for 
8hrs  at  37°C.  Fluorescently-labeled  FN  was  then  flowed  through  the  source  channel  for 
1  hr  before  imaging.  For  all  haptotaxis  experiments,  the  FN  concentration  represents  the 
concentration  at  the  top  of  the  gradient.  Unless  mentioned,  FN  concentration  at  the  top 
of  the  gradient  is  125pg/ml.  Cells  were  imaged  overnight  in  the  haptotaxis  device,  with 
images  being  acquired  every  lOmin  for  16hr  in  an  environmentally  controlled  microscope 
(TE2000,  Nikon)  with  a  20X  objective  and  a  Photometries  Coolsnap  HQ  camera. 
Individual  cells  were  manually  tracked  using  ImageJ  software  Manual  Tracking  plug-in. 
The  tracks  obtained  were  analyzed  using  the  Chemotaxis  Tool  ImageJ  plugin  (from 
Ibidi).  This  analysis  tool  was  used  to  extract  the  FMI  (Fig  1A)  along  with  the  velocity  of 
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migration  and  the  persistence  of  migration  using  the  D/T  ratio  (net  path  length/total  path 
length)  (20,44). 


Tumor  formation  and  metastasis  assay 

All  animal  experiments  were  approved  by  the  MIT  Division  of  Comparative  Medicine.  For 
xenograft  experiments,  MDAMB231  or  SUM159  cells  (2  million  per  mouse  in  PBS  and 
20%  collagen  I)  expressing  different  Mena  isoforms  were  injected  into  the  4th  right 
mammary  fat  pad  of  six  week-old  female  NOD-SCID  mice  (Taconic).  Tumor  size  was 
measured  weekly  with  calipers.  8  or  12  weeks  post-surgery,  once  tumors  had  reached 
1cm  in  diameter,  mice  were  used  for  intravital  imaging,  and  then  sacrificed  and  their 
tumors  and  lungs  were  fixed  in  4%  formalin  overnight.  Metastatic  index  was  calculated 
by  counting  the  number  of  metastases  in  each  lobe  relative  to  the  weight  of  the  tumor. 
Each  tumor  group  contained  4-6  mice.  PyMT-MMTV  mice  were  obtained  from  Jackson, 
mice  were  left  to  growth  for  15-20  weeks,  when  they  had  developed  tumors  of  about  1.5 
cm  in  diameter.  Histological  analysis  of  H&Es  from  these  tumors  confirmed  these  tumors 
were  advanced  carcinoma. 

In  vivo  invasion  assay 

The  in  vivo  invasion  assay  was  performed  in  at  least  4  mice  per  condition  as  previously 
described  (45).  Briefly,  needles  were  held  in  place  by  a  micromanipulator  around  a 
single  mammary  tumor  of  an  anesthetized  mouse.  Needles  contained  a  mixture  of 
0.5mg/ml  Collagen  I,  EDTA  with  L-15  media  or  increasing  amounts  with  FN.  After  four 
hours,  the  contents  of  the  needles  were  extruded.  Cells  were  stained  with  DAPI  and 
counted. 
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Intravital  Imaging  and  in  vivo  haptotaxis 

Intravital  multiphoton  imaging  was  performed  as  described  previously  (23)  using  a  25x 
1 .05NA  water  immersion  objective  with  correction  lens.  For  in  vivo  haptotaxis,  a 
microscale  device  filled  with  multiple  reservoirs(28)  with  powdered  rhodamine-FN  or 
dextran  was  prepared.  After  exposing  the  tumor,  the  device  was  implanted  into  the 
tumor  edge.  Hour-long  time-lapse  movies  were  analyzed  for  frequency  of  motility  and 
tracking,  and  to  measure  and  quantify  cell  characteristics  in  3D  and  overtime  using  NIH 
ImageJ.  Cells  that  were  either  protruding  or  moving  were  counted  as  motile.  For  each 
movie,  the  FMI  was  calculated,  with  the  angle  for  each  track  made  relative  to  the 
direction  of  FN  gradient  for  each  frame.  Data  is  pooled  from  2-4  mice  per  tumor  group, 
with  4-10  fields  imaged  per  mouse,  with  a  total  of  at  least  70  cells  per  tumor  type 
tracked.  Collagen  signal  was  visualized  by  second  harmonic  generation  and  images 
were  analyzed  using  CT-Fire  software  (46)  to  calculate  collagen  fiber  orientation,  width 
and  length.  Data  were  pooled  from  2-4  mice  per  tumor  group,  with  4-10  fields  imaged 
per  mouse. 

Western  Blot/lmmunoprecipitation 

For  the  a5  immunoprecipitation,  231 -Mena  and  231-MenaINV  were  lysed  with  CSK  buffer 
(10  mM  PIPES  -  pH  6.8,  50  mM  NaCI,  150  mM  sucrose,  3  mM  MgCI2,  1  mM  MnCI2, 
0.5%  Triton  X-10,  protease  and  phosphatase  inhibitors)  and  passed  through  a  23-gauge 
needle.  Lysates  were  precleared  with  protein  A  beads  for  1.5  h,  incubated  with  the 
integrin  a5  antibody  (1928;  Millipore)  for  2.5  h  at  4°C,  and  then  captured  with  3%  BSA- 
blocked  protein  A  beads  for  2  h.  Beads  were  washed  three  times  in  CSK  lysis  buffer, 
and  proteins  were  eluted  in  2x  sample  buffer.  Standard  procedures  were  used  for  protein 
electrophoresis,  western  blotting,  and  immunoprecipitation.  MDAMB231  expressing 
different  Mena  isoforms  were  lysed  in  25mM  Tris,  150mM  NaCI,  10%  glycerol,  1%  NP 
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40  and  0.5M  EDTA  with  a  protease  Mini-complete  protease  inhibitors  (Roche)  and  a 
phosphatase  inhibitor  cocktail  (PhosSTOP,  Roche)  at  4°C.  Protein  lysates  were 
separated  by  SDS-PAGE,  transferred  to  a  nitrocellulose  membrane,  blocked  with 
Odyssey  Blocking  Buffer  (LiCor),  incubated  in  primary  antibody  overnight  at  4°C. 
Proteins  were  detected  using  Licor  secondary  antibodies.  Protein  level  intensity  was 
measured  with  Image  J  and  data  were  pooled  from  at  least  3  different  experiments. 


FACs 

MDAMB231  cells  expressing  the  different  isoforms  were  trypsinized,  resuspended  in 
media,  and  then  incubated  with  a  primary  antibody  in  PBS  and  5%  media  for  30mins  on 
ice.  Next,  the  cells  were  incubated  with  a  species  appropriate  Alexa647-tagged 
secondary  antibody  and  then  resuspended  in  PBS  with  lOpg/ml  propidium  iodide. 
Samples  were  then  analyzed  on  a  FACS-Calibur  machine  (BD  Biosciences).  Data  is 
pooled  from  at  least  3  separate  experiments,  with  10  000  cells  analyzed  per  experiment. 

Immunofluorescence 

Cells  were  plated  in  a  haptotaxis  device  on  a  125  pg/ml  2D  FN  gradient  for  3  hr  or  on 
collagen-coated  glass-bottomed  dishes  (MatTek)  in  serum-free  media  for  30  min  at 
37°C.  Cells  were  then  fixed  for  20  min  in  4%  paraformaldehyde  in  PHEM  buffer,  then 
permeabilized  with  0.2%  TritonX-100,  blocked  with  10%  BSA  and  incubated  with  primary 
antibodies  overnight  at  37°C.  Z  series  of  images  were  taken  on  an  Applied  Precision 
Delta  Vision  microscope  using  Softworx  acquisition,  an  Olympus  40x  1.3  NA  plan  apo 
objective  and  a  Photometries  CoolSNAP  HQ  camera.  Images  were  deconvolved  using 
Deltavision  Softworx  software  and  objective  specific  point  spread  function.  Images  were 
analyzed  with  ImageJ.  Images  are  pooled  from  at  least  3  independent  experiments,  at 
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least  10  cells  per  experiment. 


MenaINV  TCGA  data  retrieval 

RNAseq  data  in  fastq  format  were  obtained  from  TCGA.  For  each  sample,  ENAH 
(Mena)-derived  reads  were  extracted  from  the  full  dataset  by  aligning  to  a  target 
database  that  contained  collection  of  all  possible  ENAH  isoforms  using  BWA  version 
0.7.10.  Properly  paired  ENAH  reads  were  then  extracted  with  Samtools  version  0.1 .19. 
ENAH  isoforms  were  then  quantified  by  aligning  to  hg19  using  tophat2  version  2.0.12 
guided  with  an  edited  GTF  file  derived  from  the  USCS  known  genes  annotation  that 
contained  all  ENAH  variants  of  interest.  Bedtools  version  2.20.1  and  a  custom  python 
script  were  then  used  to  count  reads  that  overlap  with  each  ENAH  exon.  The  resulting 
counts  per  exon  were  then  normalized  for  RNA  loading  by  calculating  a  counts  per 
million  reads  per  Kb  of  mRNA  using  a  sum  of  exon-level  counts  in  the  publicly  available 
and  preprocessed  TCGA  data  as  the  total  aligned  counts  denominator. 

Survival/recurrence  data  analysis 

The  relationship  between  Mena/MenaINV  expression  levels  (from  mRNA  TCGA  or  protein 
TMA)  and  survival  (time  to  death)  or  metastasis  (time  to  recurrence)  was  assessed  by 
Log  rank  Mantel-Cox  test.  In  each  samples,  patients  were  binned  into  quartiles 
according  Mena  or  MenaINV  expression  (Q1  being  the  highest  level  of  expression  and  Q4 
being  the  lowest).  The  hazard  ratio  for  each  quartile  (with  95%  confidence  interval 
values)  was  calculated.  The  p  value  generated  by  this  log  rank  test  evaluates  whether 
the  difference  in  the  curves  is  significantly  different.  We  also  performed  the  Log  rank 
test  for  trend  to  further  assess  the  differences  between  the  curves  representing  patients 
with  varying  levels  of  Mena  isoform  expression. 
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The  hazard  effects  of  MenaINV  and  Mena  upon  the  time  to  death  were 
investigated  by  Cox  regression  using  R  2.15.3  basing  on  TCGA  BRCA  data.  In  order  to 
make  comparison  across  variables,  we  first  standardized  Mena  and  MenaINV  RPKM 
values  to  mean  zero  and  standard  deviation  one.  Cox  regressions  were  then  carried  out 
basing  on  the  standardized  MenaINV  values  or  the  standardized  Mena  RPKM  values  as 
the  only  independent  variable  to  predict  the  effects  upon  the  time  of  death  of  the  BRCA 
patients  in  TCGA  study.  The  association  between  MenalNV/Mena  expression  level  and 
survival  status  of  TCGA  BRCA  subjects  was  evaluated  by  logistic  regression  using  R 
2.15.3.  In  order  to  compare  coefficients  across  tests,  we  first  standardized  INV  and 
Mena  values  to  be  mean  zero  and  standard  deviation  one.  Logistic  regressions  were 
conducted  by  choosing  survival  status  as  dependent  variable  (1  as  death,  and  0  as 
alive).  The  only  independent  variable  fitted  in  the  model  was  INV,  or  Mena 
respectively.  P  values  and  coefficients  corresponding  to  the  independent  variables  were 
used  to  judge  the  significance  of  the  association  as  well  as  the  strength  of  the 
association. 
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Figure  legends 


Figure  1:  Mena-driven  haptotaxis  in  vitro  on  FN  gradients  in  2D  and  3D  is 
dependent  upon  its  direct  interaction  with  a5  integrin  and  F-actin.  A)  Schematic 
diagram  of  a  microfluidic  device  used  for  2D  or  3D  haptotaxis,  representative  image  of  a 
FN  gradient  in  a  collagen  gel,  and  a  diagram  describing  the  FMI  used  to  quantify 
haptotaxis.  B)  Expression  of  Mena,  but  not  VASP  or  EVL,  in  MVD7  fibroblasts  drives 
haptotaxis  on  a  2D  FN  gradient  (125pg/ml  at  top  of  gradient),  as  measured  by  the  FMI. 
C)  231-Mena  cells  haptotax  when  plated  on  a  2D  FN  gradient  (125pg/ml  at  top  of 
gradient),  but  not  on  a  LN  or  VN  gradient,  as  measured  by  the  FMI.  D)  MDAMB231  cells 
231-Mena  cells  plated  in  a  3D  collagen  gel  and  subjected  to  increasing  concentrations  of 
FN  at  the  top  of  the  gradient.  E)  Inhibition  of  a5pi  with  PI  D6  (0.5pg/ml)  blocked  Mena- 
driven  haptotaxis  in  3D  collagen  gels,  as  measured  by  FMI,  while  inhibition  of  avp3  with 
Cilengitide  (1  pM)  had  no  effect.  F)  Diagram  of  structure  of  Mena  and  its  domains, 
including  the  LERER  domain  and  the  F-Actin  binding  domain  (FAB).  Deletion  of  the 
LERER  domain  abrogates  the  interaction  of  Mena/MenaINV  with  a5.  G)  231  - 
MenaALERER  and  MenaAFAB  cells  did  not  haptotax  in  3D  collagen  gels  and  this  effect 
was  independent  of  an  effect  on  velocity  (pm/min)  (H).  For  each  experiment,  n=3 
experiments,  at  least  80  cells  tracked  per  condition.  Results  show  mean  ±  SEM, 
significance  by  one  wayANOVA,  *p<0.5,  **p<0.01,  ***p<0.005.  See  FigSI. 

Figure  2:  MenaINV-drives  haptotaxis  at  high  FN  concentrations  in  vivo  and  in  vitro 

A)  231-MenaINV  cells  plated  in  a  3D  collagen  gel  and  subjected  to  increasing 
concentrations  of  FN  at  the  top  of  the  gradient  B)  Inhibition  of  a5  with  PI  D6  (0.5pg/ml) 
blocked  MenaINV-driven  3D  haptotaxis,  as  measured  by  FMI,  while  inhibition  of  avp3  with 
Cilengitide  had  no  effect.  231-MenaINVALERER  or  231-MenaINVAFAB  did  not  haptotax  in 
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3D.  (n=3  experiments,  >150  cells  tracked  per  condition).  C)  In  vivo  invasion  assay  into 
needles  inserted  in  tumors  generated  in  NOD/SCID  mice  with  MDAMB231  cells 
expressing  Control-GFP,  Mena  or  MenaINV.  Needles  contained  0.5mg/ml  collagen  and 
increasing  amounts  of  FN  (n=4  mice  per  condition).  Results  show  mean  ±  SEM.  Stars 
above  columns  represent  significance  relative  to  collagen  only  by  one-way  ANOVA.  D) 
Representative  image  of  a  FN  gradient  (Rhodamine-labeled  FN,  shown  in  red)  on 
collagen  fibers  (shown  in  white)  generated  using  a  microscale  implantable  device 
implanted  into  the  tumor  (tumor  cells  labeled  with  GFP  shown  in  green)  and  visualized 
by  intravital  imaging.  Scale  bar  is  100pm.  FMI  of  E)  MDAMB231  and  F)  SUM159  tumor 
cells  expressing  different  Mena  isoforms  in  the  absence  of  a  device,  or  in  the  presence 
of  a  device  releasing  fluorescently  labeled  FN  or  similarly  sized  Dextran  (data  pooled  >8 
movies  from  >2  mice  per  condition).  Results  show  mean  ±  SEM,  significance  by  one  way 
ANOVA,  *p<0.5,  **p<0.01,  ***p<0.005.  See  FigS2. 

Figure  3:  MenaINV  is  associated  with  poor  outcome  in  human  tumors  and  requires 
its  interaction  with  a5  integrin  for  metastasis 

Kaplan-Meier  curves  for  survival  of  breast  cancer  patients  binned  by  quartiles  of  Mena 
(A)  or  MenaINV  (B)  mRNA  levels,  as  indicated  (Q1  had  the  highest  expression,  Q4  the 
lowest).  Data  are  from  128  breast  cancer  cases  with  >10  years  of  follow  up  BRCA  TCGA 
dataset  (data  from  entire  1060  patient  cohort  in  Figs  S3A-D).  Significance  calculated  by 
log-rank  Mantel-Cox  test,  hazard  ratio  calculated  by  logrank  test,  pTrend  calculated  by  log- 
rank  test  for  Trend  (see  methods).  C)  COX  regression  carried  out  to  assess  the 
relationship  between  Mena  or  MenaINV  and  time  to  death  in  breast  cancer  patients 
(patients  with  10-year  follow-up).  D)  Logistic  regression  carried  out  to  assess  the 
relationship  between  Mena  or  MenaINV  and  survival  in  breast  cancer  patients  (patients 
with  10-year  follow-up).  E)  Representative  images  of  PyMT-MMTV  tumors  stained  for 
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Mena  (red)  and  MenaINV  (green)  Scale  bar  =  20|jm.  F)  Representative  images  of  PyMT- 
MMTV  stained  for  MenaINV  (green)  and  integrin  a5  (red)  Same  scale  as  E.  G) 
Representative  image  from  a  wild-type  PyMT  tumor  FN  (red),  MenaINV  (green)  and  nuclei 
(DAPI  staining)  Scale  bar  =  100pm.  H)  Correlation  between  MenaINV  and  collagen  FN 
intensity.  Data  from  over  50  fields  from  4  PyMT  mice,  each  dot  represents  an  individual 
field.  I)  Representative  image  of  tumor  spot  from  a  tissue  microarray  with  high  levels  of 
MenaINV  (green)  and  FN  (red).  J)  Correlation  between  FN  and  MenaINV  staining  in  the 
entire  patient  cohort.  K)  MenaINV  expression  in  300  breast  cancer  patients  comparing 
patients  with  or  without  recurrence,  data  shows  mean  +/-  SEM.  L)  Table  showing  the 
median  recurrence-free  time  in  months  and  corresponding  p-value  in  patients  with  high 
vs.  low  MenaINV,  high  vs.,  low  FN  or  high  vs.  low  MenaINV+FN.  Significance  calculated  by 
log-rank  Mantel-Cox  test.  M)  Representative  fluorescence  images  of  GFP-positive 
metastasis  in  lungs  of  mice  with  231 -Control,  Mena  or  MenaINV  tumors.  Scale  bar  = 

50pm.  N)  H&E  images  of  FFPE  sections  cut  from  the  lungs  of  mice  bearing  MDAMB231 
tumors  expressing  different  Mena  isoforms.  Scale  bar  is  100pm.  O)  Lung  metastatic 
index  of  NOD-SCID  mice  bearing  tumors  grown  from  MDAMB231  cells  expressing 
different  GFP-tagged  Mena  isoforms  and  measuring  at  least  1  cm  in  diameter  (n>4  mice 
per  cell  line).  Data  show  mean  ±  SEM,  significance  by  one  way  ANOVA,  *p<0.5, 
**p<0.01,  ***p<0.005.  See  FigS3  and  S4. 

Figure  4:  MenaINV  drives  haptotaxis  via  increased  FX  signaling  A)  Representative 
images  of  231 -Control,  Mena  and  MenaINV  cells  plated  on  FN  and  collagen,  stained  with 
antibodies  to  a5,  and  GFP  (to  visualize  tagged  GFP-Mena  or  GFP-  MenaINV)  and  with 
phalloidin  to  visualize  F-actin.  Scale  bar  =  5pm.  B)  Magnification  of  inset  shown  in  (A). 
Scale  bar  =  1pm.  C)  Quantification  of  cell  area  (in  pm2)  of  MDAMB231  cells  expressing 
different  isoforms  when  plated  on  collagen  (0.1  mg/ml)  +  FN  (50pg/ml).  D)  Number  of  a5- 
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positive  adhesions  relative  to  cell  area  for  231 -Mena  and  231-MenaINV  cells  for  cells 
plated  on  collagen  only,  collagen  (0.1  mg/ml)  +  FN  (50pg/ml),  and  in  the  presence  of 
P1D6,  a5-function  blocking  antibody.  E)  Number  of  a5-positive  adhesions  relative  to  cell 
area  for  cells  plated  on  collagen  +  FN.  F)  Intensity  of  a5  signal  in  Mena-positive 
adhesions  (as  counted  by  GFP  positivity)  for  231 -Mena  and  231-MenaINV  cells  plated  on 
collagen  only,  collagen  (O.lmg/ml)  +  FN  (50pg/ml),  and  in  the  presence  of  P1D6,  a5- 
function  blocking  antibody.  G)  Intensity  of  a5  signal  in  Mena-positive  adhesions  (as 
counted  by  GFP  positivity)  in  cells  plated  on  a  low  2D  125  pg/ml  FN  gradient.  H) 
Inhibition  of  FAK  (0.5pM)  decreased  MenaINV-driven  2D  haptotaxis  on  a  low  2D  125 
pg/ml  FN  gradient.  Data  from  >3  experiments,  with  >80  cells  tracked  per  condition.  I) 
Representative  images  of  231 -Control,  Mena  and  MenaINV,  231-MenaALERER  and 
MenaAFAB  cells  plated  on  a  low  2D  125  pg/ml  FN  gradient,  stained  with  pFAK397  (red) 
and  Phalloidin  to  visualized  F-actin  (blue).  Scale  bar  =  5pm.  J)  Quantification  of  pFAK 
Y397-positive  adhesions  in  231 -Control,  Mena  or  MenaINV,  while  plated  on  a  2D  low  125 
pg/ml  FN  gradient  K)  231-MenaINVALERER  or  231-MenallwAFAB  cells  had  decreased 
number  of  pFAK  Y397-positive  adhesions  on  a  2D  low  125  pg/ml  FN  gradient.  L) 
Quantification  of  pFAK  Y397-positive  adhesions  in  231 -Control,  Mena  or  MenaINV,  while 
plated  on  a  2D  high  500  pg/ml  FN  gradient  Data  pooled  from  3  experiments,  with  at  least 
30  cells  analyzed  per  condition.  M)  Representative  image  of  a  WB  for  a5- 
immunoprecipitation  from  231 -Mena  and  231 -MenaINV  lysates,  probed  for  Mena,  a5  and 
Tubulin.  N)  Quantification  of  fold  increase  in  Mena  pulled  down  in  a5-IP,  n=4.  For  all 
staining  experiments,  data  pooled  from  at  least  3  experiments,  with  at  least  10  cells 
analyzed  per  experiments.  Results  show  mean  ±  SEM,  significance  by  one  way  ANOVA, 
*p<0.5,  **p<0.01,  ***p<0.005.  Stars  above  data  set  represent  significance  relative  to 
control.  See  FigS5. 
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Figure  5:  Meric  -dependent  directional  motility  requires  ECM  reorganization  in 
vitro  A)  Representative  images  of  MDAMB231  cells  (outlined  in  white)  and  231-MenaINV 
cells  (green)  in  a  3D  125pg/ml  FN  gradient  (red)  in  a  collagen  gel  (blue)  in  merged 
image;  middle  and  right  panels  show  grayscale  images  of  FN  and  Collagen  alone, 
respectively.  Scale  bar  is  25pm.  231-MenaINV  showed  increased  accumulation  and 
reorganization  of  B)  FN  and  C)  Collagen,  in  both  low  125pg/ml  and  high  500pg/ml  3D 
FN  gradients.  D)  A  gradient  of  recombinant  7-1 1  domains  of  FN  failed  to  induce  3D 
haptotaxis  of  231 -MenaINV  cells,  as  measured  by  the  FMI  E)  Inhibition  of  FN 
fibrillogenesis  by  inclusion  of  a  70kD  fragment  ablated  Menallw -dependent  haptotaxis  in 
3D  FN  gradients  (n=3  experiments,  >80  cells  tracked  per  condition).  Deletion  of  the  FAB 
and  LERER  regions  in  MenaINV,  and  inhibition  of  a5pi  with  P1D6,  but  not  Cilengitide, 
reduced  collagen  (F)  and  collagen  (G)  accumulation  at  low  FN  concentrations.  Data  from 
>3  experiments,  with  >30  cells  analyzed  per  condition.  Results  show  mean  ±  SEM, 
significance  by  one  way  ANOVA,  *p<0.5,  **p<0.01,  ***p<0.005.  See  FigS6. 

Figure  6:  MenaINV  drives  collagen  reorganization  in  tumors.  A)  Representative  image 
from  a  wild  type  and  Mena  -I-  PyMT  tumor  showing  collagen  as  imaged  by  SHG  (gray) 
and  nuclei  (DAPI  staining).  Scale  bar  =  100pm.  B)  Quantification  of  collagen  signal  as 
measured  by  SHG  signal  in  wild  type  and  Mena  -I-  PyMT  tumors.  Data  from  over  30 
fields  from  4  mice  for  wild-type  mice  and  2  mice  for  Mena  -/-,  each  dot  represents  an 
individual  field.  C)  Representative  image  from  a  wild-type  PyMT  tumor  showing  collagen 
as  imaged  by  SHG  (gray)  and  MenaINV  (green).  Scale  bar  =  100pm.  D)  Correlation 
between  MenaINV  and  collagen  intensity.  Data  from  over  50  fields  from  4  mice,  each  dot 
represents  an  individual  field.  E)  Representative  images  showing  collagen  by  SHG  from 
a  breast  cancer  patient  samples  with  high  or  low  MenaINV.  F)  Collagen  intensity  in  30 
patients  with  high  or  low  MenaINV  expression.  G)  Representative  images  of  collagen 
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organization  (gray)  of  231  -Control,  Mena  and  MenaINV  xenograft  tumors  taken  by 
intravital  imaging.  Scale  bar  is  100pm.  H)  Representative  diagram  of  angle  used  to 
measure  the  orientation  of  individual  collagen  fibers  relative  to  the  edge  of  the  tumors. 
Plotted  distributions  of  collagen  fiber  orientation  relative  to  tumors  edge  comparing 
Control,  Mena  and  MenaINV  expressing  HI)  MDAMB231  and  H2)  SUM159  cells.  Data 
pooled  from  >15  images  from  >4  mice  per  condition.  Results  show  mean  ±  SEM, 
significance  by  t-test,  *p<0.5,  **p<0.01,  ***p<0.005.  See  Fig  S6 

Figure  7:  Summary  diagram:  FN  levels  are  high  around  blood  vessels  and  at  invasive 
edges  in  tumors.  Expression  of  Mena  in  tumor  cells  allows  cells  to  haptotax  on  low 
gradients  of  FN,  via  its  weak  association  with  a5  and  increased  FX  signaling.  Expression 
of  MenaINV  allows  cells  to  haptotax  on  both  low  and  high  FN  gradients  via  increased 
association  with  a5,  leading  to  increased  FX  number  and  FAK  signaling  at  FXs,  as  well 
as  through  ECM  reorganization. 
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Abstract: 


Kinase  inhibitor  resistance  often  involves  upregulation  of  poorly  understood  “bypass”  signaling 
pathways.  Here,  we  show  that  extracellular  proteomic  adaptation  is  one  path  to  bypass  signaling 
and  drug  resistance.  Proteolytic  shedding  of  surface  receptors,  which  can  provide  negative 
feedback  on  signaling  activity,  is  blocked  by  kinase  inhibitor  treatment  and  enhances  bypass 
signaling.  In  particular,  MEK  inhibition  broadly  decreases  shedding  of  multiple  receptor 
tyrosine  kinases  (RTKs)  including  HER4,  MET,  and  most  prominently  AXL,  an  ADAM  10  and 
ADAM  17  substrate,  thus  increasing  surface  RTK  levels  and  mitogenic  signaling.  Progression- 
free  survival  of  melanoma  patients  treated  with  clinical  BRAF/MEK  inhibitors  inversely 
correlates  with  RTK  shedding  reduction  following  treatment,  as  measured  non-invasively  in 
blood  plasma.  Disrupting  protease  inhibition  by  neutralizing  TIMP1  improves  MAPK  inhibitor 
efficacy,  and  combined  MAPK/ AXL  inhibition  synergistically  reduces  tumor  growth  and 
metastasis  in  xenograft  models.  Altogether,  extracellular  proteomic  rewiring  through  reduced 
RTK  shedding  represents  a  surprising  mechanism  for  bypass  signaling  in  cancer  drug  resistance. 

Statement  of  Significance: 

Genetic,  epigenetic,  and  gene  expression  alterations  often  fail  to  explain  adaptive  drug  resistance 
in  cancer.  This  work  presents  a  novel  post-translational  mechanism  of  such  resistance:  kinase 
inhibitors,  particularly  targeting  MAPK  signaling,  increase  tumor  cell  surface  receptor  levels  due 
to  widely  reduced  proteolysis,  allowing  tumor  signaling  to  circumvent  intended  drug  action. 
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Introduction: 


Mere  overexpression  of  a  drug’s  target  often  fails  to  predict  efficacy,  in  part  due  to  “bypass” 
signaling  whereby  inhibition  of  one  signaling  pathway  leads  to  compensatory  signaling  through 
alternative  routes.  Previous  work  has  largely  focused  on  how  intracellular  processes  such  as  gene 
expression  changes  and  mutations  contribute  to  bypass  signaling,  heterogeneous  drug  responses, 
and  drug  resistance.  For  example,  targeting  mitogen-activated-protein-kinase  (MAPK) 
signaling  through  MEK  or  B-RAF  inhibition  leads  to  increased  transcription  of  multiple  receptor 
tyrosine  kinases  (RTKs),  which  then  provide  alternative  pro-growth  and  pro-survival  signals  that 
circumvent  the  intended  inhibitor  effects  (1-3).  However,  genetic  and  gene  expression  changes 
account  for  only  a  fraction  of  observed  bypass  signaling  (4,  5).  For  instance,  only  half  of 
melanoma  patients  receiving  B-RAF  inhibitor  therapy  exhibit  mutations  in  known  B-RAF 
resistance  genes  upon  emergence  of  drug  resistance;  a  large  fraction  of  drug  resistance  arises 
without  defined  genetic  or  epigenetic  explanation;  and  the  functional  consequences  of  common 
genetic  or  translational  alterations  often  still  depend  on  the  activity  of  signaling  through  RAS- 
CRAF  and  other  pathways  (6).  Importantly,  these  observations  carry  substantial  implications  in 
the  clinic,  where  many  strategies  for  designing  and  monitoring  an  individual’s  therapeutic  course 
rely  largely  on  genetic  or  transcriptional  information. 

This  work  investigates  several  cancer  types  where  bypass  signaling  is  evident  (1,  2,  7,  8), 
and  focuses  primarily  on  malignant  melanoma  and  triple-negative  breast  cancer  (TNBC),  a 
subtype  of  breast  cancer  with  poor  prognosis,  no  approved  targeted  therapies,  and  which  is 
classified  by  low  expression  of  estrogen  receptor,  progesterone  receptor,  and  HER2  (9).  MEK 
inhibition  (MEKi)  represents  one  promising  therapeutic  strategy,  as  MAPK  signaling  is 
dysregulated  in  many  cancers,  including  TNBC  and  melanoma  (9,  10),  and  clinical  trials  have 
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recently  been  completed  or  are  ongoing  in  several  cancers  including  TNBC  (9).  As  a  treatment 
strategy,  MAPK  inhibition  (MAPKi)  has  been  most  successful  in  melanoma,  with  three  such 
inhibitors  gaining  FDA  approval  since  2011.  However,  resistance  to  MAPKi  develops  in  most 
patients  within  a  year  (11).  More  generally,  MAPKi  carries  broad  importance  given  many  other 
relevant  drug  targets  including  various  RTKs  are  upstream  of  the  MAPK  pathway  and  indirectly 
affect  its  activity. 

Relative  to  tumor  gene  expression  changes,  little  attention  has  been  paid  to  how  the 
tumor-derived  extracellular  proteome  changes  in  response  to  targeted  kinase  inhibitors,  and  how 
such  changes  impact  bypass  signaling  and  drug  efficacy.  Of  central  importance,  the  ‘A 
Disintegrin  and  Metalloproteinases’  (ADAMs)  ADAM  10  and  ADAM  17  are  widely  known  as 
the  principal  “sheddases”  of  the  cell  surface  responsible  for  shedding  ectodomains  of  hundreds 
of  transmembrane  substrates,  including  many  growth  factors,  cytokines,  adhesion  molecules,  and 
metalloproteinases  involved  in  the  processes  described  above.  ADAM  10  is  required  for 
activation  of  the  Notch  signaling  pathway,  while  ADAM  17  is  needed  for  TNFa  cleavage,  and 
both  ADAM l(f  and  ADAM1 7_/"  mice  are  not  viable  (12).  ADAM 10  and  ADAM1 7  are  particularly 
overexpressed  in  many  cancers  including  breast  cancer  and  melanoma  (13,  14),  with  activities 
governed  by  frequently  dysregulated  MAPK  signaling  (10,  15).  Furthermore,  ADAM  10  and 
ADAM  17  have  been  considered  promising  drug  targets  for  their  part  in  shedding  EGF-family 
growth  factor  ligands  from  the  surface  of  cancer  cells,  a  process  that  mediates  ErbB-family 
receptor  mitogenic  signaling  in  an  autocrine  manner  (13,  16,  17).  Unfortunately, 
metalloproteinase  inhibitors,  including  a  second-generation  inhibitor  with  specificity  towards 
ADAM10  and  ADAM17  (INCB7839,  Incyte),  have  failed  in  clinical  trials  despite  promising 
initial  results  (18).  These  failures  can  largely  be  attributed  to  a  poor  understanding  of  how  the 
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broad  activity  of  ADAMs,  and  metalloproteinases  in  general,  integrate  to  influence  overall  tumor 
behavior  (19). 

Here,  we  identify  differential  extracellular  proteolytic  shedding  as  a  major  post- 
translational  mechanism  of  bypass  signaling  that  complements  other  pathways  of  drug  resistance. 
Proteolytic  shedding  of  surface  receptors,  which  can  provide  negative  feedback  on  signaling 
network  activity,  is  dramatically  reduced  upon  inhibition  of  kinase  pathways  such  as  the  MAPK 
pathway.  Decreased  RTK  proteolysis  consequently  leads  to  surface  RTK  accumulation  and 
increased  signaling  through  other  pathways  that  support  mitogenesis.  Thus,  we  hypothesized 
that  RTK  proteolysis  could  (a)  be  non-invasively  monitored  in  patients;  (b)  enable  early 
detection  of  drug  resistance  in  the  clinic;  and  (c)  guide  the  design  of  combination  therapies  that 
forestall  disease  progression.  Indeed,  we  found  that  circulating  RTKs  were  detectable  at 
elevated  levels  in  a  subset  of  patients,  and  that  shed  RTK  levels  accurately  predicted  clinical 
MAPKi  response  better  than  mere  RTK  gene  expression.  We  tested  two  strategies  to  enhance 
MAPKi  efficacy:  (1)  modulating  ADAM  10  through  neutralizing  its  cognate  inhibitor  “tissue 
inhibitor  of  metalloproteinases  1”  (TIMP1),  and  (2)  inhibiting  the  RTK  AXL,  a  key  protease 
substrate  that  we  observed  to  be  upregulated  following  MAPKi.  In  several  orthotopic  animal 
models,  combination  therapies  exhibited  synergistic  effects  on  tumor  growth,  metastasis,  and 
survival.  Altogether,  our  findings  demonstrate  that  extracellular  proteomic  rewiring  through 
reduced  proteolytic  receptor  shedding  represents  a  significant  and  targetable  mechanism  for 
bypass  signaling  in  acquired  cancer  drug  resistance. 
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Results 


MAPKi  causes  a  global  reduction  in  circulating  RTKs 

RTK  signaling  mediates  drug  resistance  (1,7,  20),  and  the  release  of  RTK  ectodomains 
from  the  cell  surface  has  become  an  increasingly  appreciated  regulator  of  signaling  activity  in 
contexts  of  cancer  metastasis  (21),  antibody  therapies  (22),  and  in  other  invasive  diseases  (15). 
However,  little  is  known  regarding  how  extracellular  RTK  levels  change  in  response  to  targeted 
kinase  inhibitor  treatment,  and  how  such  changes  influence  drug  efficacy  in  cancer.  To  study 
these  effects,  we  first  measured  how  MEKi  impacts  the  supernatant  accumulation  of  seven  key 
RTKs  that  have  been  implicated  in  drug  resistance:  the  four  ErbB-family  receptors  (epidermal 
growth  factor  receptor  EGFR,  HER2,  HER3,  and  HER4);  insulin-like  growth  factor  receptor  1 
(IGF1R);  hepatocyte  growth  factor  receptor  (HGFR/MET);  and  the  TAM-family  RTK  member, 
AXL.  Using  two  MEK  inhibitors  U0126  and  PD325901  (Fig  1A,  Fig.  S1A  validates  reduction  in 
pErk),  we  examined  a  panel  of  12  cell  lines  from  several  cancer  types  where  bypass  signaling 
has  been  implicated,  including  malignant  melanoma  (MM),  TNBC,  non-small  cell  lung  cancer 
(NSCLC),  and  glioblastoma  multiforme  (GBM).  We  surprisingly  found  that  only  decreased 
(rather  than  increased)  supernatant  RTK  accumulation  was  consistently  and  significantly 
observed  across  the  panel  of  measurements  (Fig.  1 A-B).  Most  prominently,  supernatant  AXL 
and  MET  decreased  by  roughly  50%  in  nearly  every  cell  line.  We  confirmed  by  ultra¬ 
centrifugation  that  AXL  and  MET  were  unassociated  with  supernatant  microvesicles  (Fig.  SIB). 
Supernatant  accumulation  of  both  RTKs  could  be  blocked  by  broad-spectrum  metalloproteinase 
inhibition  (MPi)  using  batimastat  (BB94),  suggesting  their  accumulation  resulted  from 
proteolytic  release  off  the  cell  surface  (Fig.  SIC).  EGFR,  which  is  not  a  suspected 
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metalloproteinase  substrate,  behaved  in  stark  contrast  to  MET  and  AXL:  in  the  supernatant, 
EGFR  i)  did  not  consistently  decrease  in  response  to  MEKi  (Fig.  1A-B)  ii)  was  substantially 
associated  with  microvesicles  (Fig.  SIB),  and  iii)  did  not  decrease  in  response  to  MPi  (Fig.  SIC). 
Thus,  we  find  that  MEKi  treatment  induces  significant  changes  in  supernatant  RTK  levels,  which 
contains  a  combination  of  free  proteolytically  shed  soluble  receptor  (as  with  AXL  and  MET), 
and  surface  receptor  on  microvesicles  (as  with  EGFR),  with  the  significant  effects  of  MEKi 
dominated  by  the  former  (Fig.  1A-B). 

We  next  examined  if  reduced  accumulation  of  extracellular  RTK  ectodomain  was 
detectable  in  mice  undergoing  MAPKi  therapy.  We  used  two  different  xenograft  tumor  models: 
subcutaneous  BRAF- mutant  melanoma  using  LOX-IMVI  cells,  and  orthotopic  TNBC  using  the 
BRAF/KRAS  mutant  LM2  cells.  With  human-specific  solution-phase  immunoassays,  we 
measured  plasma  levels  of  tumor-derived  receptors  in  tumor-bearing  mice  following  drug 
treatment.  Indeed,  MAPKi  using  combined  MEKi  (trametinib)  and  BRAFi  (vemurafenib) 
treatment  in  the  melanoma  model  decreased  circulating  levels  of  tumor-derived  AXL  and  MET 
(Fig.  1C).  Similarly,  MEKi  significantly  reduced  levels  of  the  circulating  AXL  and  MET  in  mice 
with  mammary  fat  pad  tumors  (Fig.  ID). 

To  test  whether  this  RTK  ectodomain  accumulation  may  be  relevant  to  clinical 
pathology,  we  measured  circulating  levels  of  AXL,  MET,  HER2,  and  HER4  ectodomains  in 
stage  I  and  stage  IV  breast  cancer  patients  along  with  healthy  controls,  and  observed  that  AXL 
contributes  to  an  overall  pattern  of  increased  RTKs  in  patients  (Fig.  S1D-F).  The  combined  level 
of  these  four  RTKs  in  a  given  serum  sample  increased  significantly  in  breast  cancer  patients  who 
have  not  been  exposed  to  the  inhibitors  shown  here,  compared  to  healthy  controls  (Fig.  SID).  In 
other  words,  roughly  50%  of  stage  I  (10/20)  and  stage  IV  (9/19)  patient  samples  exhibited  a 
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“quadruple-positive”  phenotype  with  increased  levels  of  all  four  RTKs  in  circulation,  compared 
to  5%  (1/20)  of  healthy  controls  (Fig.  S1E).  Among  “quadruple-positive”  samples,  circulating 
RTK  levels  in  stage  IV  patients  were  40%  higher  than  levels  from  stage  I  patients  (Fig.  S1E; 
p=0.03,  two-tailed  t-test).  The  statistical  significance  of  an  elevated  serum  RTK  signature  was 
dependent  upon  inclusion  of  AXL  measurements  (Fig.  S1F),  indicating  it  as  the  most  vital 
among  the  four.  These  data  confirm  that  stage  I  and  especially  advanced  metastatic  stage  IV 
diseases  are  associated  with  changes  in  RTK  shedding  that  are  detectable  circulating  in  human 
patients. 

Circulating  RTK  levels  but  not  their  mere  tumor  expression  predict  MAPKi  resistance  in 
melanoma  patients 

We  next  investigated  whether  reduced  RTK  ectodomain  levels  were  observable  in 
patients  undergoing  MAPKi  therapy  and  if  markers  of  RTK  accumulation  correlated  with 
clinical  outcomes.  Plasma,  rather  than  serum  which  was  used  in  the  breast  cancer  cohort,  was 
collected  from  melanoma  patients  undergoing  treatment  with  a  combination  of  trametinib 
(MEKi)  and  dabrafenib  (BRAFi),  both  before  and  while  on  treatment.  As  a  surrogate  marker  of 
RTK  shedding,  we  measured  soluble  levels  of  six  RTKs  known  to  be  sheddase  substrates:  MET, 
HER2,  HER4,  and  the  three  TAM  receptors  (AXL,  MERTK,  and  TYR03)  using  solution-phase 
antibody  arrays  (Fig.  IE,  Fig.  S1G).  With  this  blood-based  test,  we  found  that  patients  showing 
high  levels  of  circulating  RTKs  before  MAPKi  treatment  exhibited  rapid  disease  progression 
(Fig.  IF).  Motivated  by  the  hypothesis  that  reduced  RTK  shedding  may  lead  to  MAPKi 
resistance,  we  next  examined  (a)  if  circulating  RTK  levels  changed  with  MAPKi  treatment,  and 
(b)  if  changes  correlated  with  disease  progression.  We  found  that  5/11  patients,  principally  those 
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with  high  initial  circulating  RTK  levels,  showed  decreased  circulating  RTK  levels  upon  initiation 
of  MAPKi  treatment  (Fig.  1G),  and  that  disease  rapidly  progressed  in  these  patients  (Fig.  1H).  In 
fact,  these  circulating  RTK  changes  were  highly  predictive  of  progression-free  survival  (PFS; 
p=0.005;  n=l  1;  two-tailed  log-rank  test)  (Fig.  1H).  In  contrast,  initial  tumor  response  as 
measured  by  Response  Evaluation  Criteria  for  Solid  Tumors  (RECIST)  failed  to  reliably  predict 
PFS  in  a  statistically  significant  manner  (p=0.08;  n=l  1;  two-tailed  log-rank  test),  as  observed  in 
other  cancers  (23),  thus  demonstrating  the  comparative  superiority  of  circulating  RTKs  as 
predictive  markers  of  disease  progression. 

We  next  examined  whether  mere  RTK  expression  in  the  tumor,  rather  than  levels  of 
circulating  RTKs,  could  similarly  predict  PFS  in  patients.  In  the  same  cohort  used  to  assess 
circulating  RTKs,  total  tumor  AXL  measured  by  immunohistochemistry  of  its  intracellular  C- 
tenninus  failed  to  correlate  with  PFS  (Fig.  S1H).  Furthennore,  in  an  independent  dataset  of  21 
melanoma  patients  undergoing  BRAFi  therapy,  RNA  expression  of  the  six  RTKs  measured  here 
did  not  substantially  predict  PFS  (Fig.  S II).  Up-regulation  of  RTK  RNA  expression,  measured 
by  comparing  matched  gene  expression  before  and  after  BRAFi  therapy  began,  only  mildly 
trended  towards  worse  PFS  but  the  difference  was  not  significant  (Fig.  S1J;  p=0.055,  two-tailed 
log-rank  test).  These  results,  combined  with  the  aforementioned  TNBC  and  melanoma  xenograft 
studies,  show  that  circulating  RTK  levels  (a)  can  be  non-invasively,  quantitatively,  and 
longitudinally  monitored  in  patients  undergoing  MAPKi  treatment,  (b)  provide  an  early 
indication  of  MAPKi  efficacy,  (c)  are  more  predictive  of  MAPKi  efficacy  than  mere  expression 
in  the  tumor,  and  (d)  may  consequently  have  utility  as  a  patient  selection  criterion. 

MEKi  increases  total  and  phosphorylated  AXL  on  the  cell  surface 
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We  next  investigated  the  relationship  between  AXL  levels  in  circulation  and  within  the 
tumors  of  melanoma  patients.  We  used  samples  from  patients  with  similar  initial  tumor 
responses  by  RECIST  (Fig.  S2A),  yet  very  different  plasma  RTK  patterns  and  times  of  disease 
progression  (Fig  2A).  To  simultaneously  measure  total  tumor  AXL  and  its  ectodomain  release 
from  the  tumor,  we  compared  immunostaining  by  antibodies  targeting  either  the  AXL 
intracellular  C-terminus  (corresponding  to  total  tumor  AXL)  or  the  N-tenninus  ectodomain  (the 
latter  was  also  used  to  detect  circulating  AXL  in  plasma).  In  one  patient  exhibiting  relatively 
long  PFS  (patient  #9),  low  plasma  AXL  levels  (Fig.  2A,  top  row)  corresponded  to  low  tumor 
AXL  levels  pre-treatment  (Fig.  2B,  top  row).  A  sustained  increase  in  AXL  and  other  RTKs  was 
detected  in  plasma  (Fig.  2A,  top  row)  with  MAPKi  treatment  initiation,  and  indeed  C-terminus 
AXL  expression  was  detected  at  higher  levels  in  a  subset  of  the  tumor  cells  analyzed  on 
treatment  (Fig.  2B;  S2B).  In  contrast,  another  patient  showing  rapid  disease  progression  (patient 
#4)  exhibited  high  pre-treatment  AXL  levels  both  in  plasma  and  in  the  pre -treatment  tumor  (Fig. 
2A-B,  bottom  row),  but  tumor  AXL  appeared  to  be  shed  at  high  levels:  although  AXL  C- 
tenninus  was  high  in  this  tumor,  ectodomain  staining  was  low  by  comparison.  Even  though 
plasma  AXL  levels  declined  with  MAPKi  therapy  in  this  patient  (Fig.  2B,  bottom  row),  AXL  C- 
tenninus  staining  remained  high  in  the  on-treatment  tumor  biopsy  and  tumor  AXL  ectodomain 
increased  substantially  (Fig.  2C).  This  evidence  suggests  that  MAPKi-induced  decrease  in 
plasma  RTK  does  not  reflect  decreased  AXL  expression  in  the  tumor,  but  rather  decreased 
release  of  the  AXL  ectodomain  from  the  tumor. 

Circulating  tumor-derived  extracellular  vesicles  (EVs)  including  exosomes  can  also  be 
detected  in  patients,  and  surface  proteins  on  such  vesicles  often  correlate  with  membrane  protein 
levels  on  the  tumor  (Fig.  2D)  (24).  We  examined  if  changes  in  EV  RTK  levels  could  also  explain 
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the  post-treatment  decrease  in  circulating  RTKs  seen  for  patient  #4.  Using  the  recently  developed 
nPLEX  (nanoplasmonic  exosome)  assay  to  sensitively  detect  surface  RTK  ectodomains  on  EVs 
(24),  we  found  that  these  EVs  did  not  explain  the  overall  circulating  RTK  decrease  (Fig.  2E;  Fig. 
S2C).  In  fact,  EV  AXL  and  MET  ectodomain  levels  increased  with  MAPKi  in  patient  #4,  which 
is  consistent  with  the  observed  tumor  histology  (Fig.  2C)  and  likely  reflects  intact  RTK 
ectodomain  on  the  tumor  cell  surfaces.  In  sum,  these  data  demonstrate  the  divergence  between 
the  levels  of  circulating,  soluble  RTKs  and  RTK  levels  on  cancer  cell  membranes  following 
MAPKi  in  patients:  decreased  circulating  RTK  levels  do  not  simply  reflect  decreased  expression 
in  the  tumor. 

We  next  sought  to  understand  how  MEKi  affects  AXL  surface  levels  and  signaling 
activity  in  cultured  melanoma  (LOX-IMVI)  and  TNBC  (MDA-MB23 1)  cells.  Consistent  with 
the  clinical  melanoma  findings,  we  observed  that  although  MEKi  reduced  total  supernatant  RTK 
for  both  cell  lines  (Fig.  1  A),  these  changes  did  not  correlate  with  exosomal  RTK  levels  within 
that  same  supernatant  (Fig.  2F-G).  MEKi  did  not  impact  exosome  production  or  size  in  MDA- 
MB231  (Fig.  S2D),  and  previously  discussed  control  experiments  revealed  that  the  majority  of 
supernatant  MET  and  AXL  from  MDA-MB23 1  and  LOX-IMVI  cell  culture  was  not  exosome  - 
anchored  (Fig.  SIB).  We  next  examined  how  MEKi  influenced  protein  levels  on  the  cell  surface 
and  lysate.  Changes  in  both  surface  and  phosphorylated  AXL  were  detectable  by  3h  post¬ 
treatment  and  further  increased  by  24h  (Fig.  S2E).  However,  MEKi  did  not  similarly  increase 
RNA  levels  of  AXL  (Fig.  S2F-G),  suggesting  that  surface  AXL  changes  are  not  simply  due  to 
transcriptional  regulation. 

For  a  dose-response  analysis  of  MEKi-induced  AXL  effects,  we  treated  LOX-IMVI  (Fig. 
2H-I)  and  MDA-MB231(Fig.  2J-K)  cells  with  increasing  concentrations  of  the  MEK  inhibitors 
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PD325901  and  U0126;  measured  p-ERKl/2  as  a  readout  of  proximal  MEKi  efficacy;  monitored 
cell  survival;  measured  supernatant  RTK  ectodomain  levels;  and  assessed  levels  of  full-length 
intact  AXL  in  cell  lysates  using  antibodies  targeted  to  either  the  ectodomain  (N-terminus)  or  the 
intracellular  domain  (C-terminus)  (also  Fig.  S2H-I).  Reduction  of  supernatant  RTK  correlated 
with  p-Erkl/2  decrease  and  anti-correlated  with  lysate  levels  of  full-length  AXL,  which 
increased.  Particularly  with  U0126  treatment,  coordinated  changes  in  p-Erkl/2,  supernatant 
RTK,  and  lysate  AXL  all  were  observable  at  lower  MEKi  concentrations  that  did  not 
substantially  impact  cell  growth,  therefore  suggesting  the  RTK  changes  are  not  directly  caused 
by  cell  death  and/or  apoptosis  processes. 

To  parallel  the  clinical  and  in  vitro  observations,  we  next  tested  whether  MEKi  similarly 
increased  tumor  AXL  in  a  TNBC  xenograft  model.  In  association  with  our  data  that  circulating 
RTK  levels  decreased  substantially  with  MEKi  (Fig.  ID),  we  observed  that  MEKi  concomitantly 
increased  AXL  in  the  primary  tumor,  particularly  at  tumor  edges  (Fig.  2L-M).  Overall,  MEKi- 
induced  reduction  in  extracellular  soluble  RTKs  corresponds  with  a  contrasting  accumulation  on 
the  membranes  of  cells  and  exosomes,  with  corresponding  increases  in  AXL  phosphorylation. 

AXL  mediates  MEKi  resistance,  and  co-treatment  with  AXLi  synergistically  reduces  tumor 
growth,  metastasis,  and  extends  survival  in  mice. 

We  next  asked  how  increased  RTK  surface  accumulation  following  MEKi  relates  to 
overall  drug  response.  Across  1 1  cancer  cell  lines,  we  observed  a  significant  correlation  between 
MEKi  resistance  and  surface  changes  in  MET  and  AXL:  cells  showing  RTK  accumulation 
following  MEKi  were  insensitive  to  MEKi  as  measured  by  proliferation  across  a  dose-response 
(Fig.  3A-B).  From  these  data,  we  hypothesized  that  MEKi-induced  AXL  upregulation  would 
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also  correlate  with  synergistic  response  to  combined  MEKi/AXLi  treatment.  To  test  this,  we 
quantified  MEKi/AXLi  synergistic  response  using  a  model  of  bliss  independence  across  10  cell 
lines  and  correlated  the  results  to  changes  in  surface  AXL  (Fig.  S3A-C).  Consistent  with  our 
model,  cell  lines  displaying  synergistic  responses  to  combined  AXLi/MEKi  treatment  also 
showed  corresponding  upregulation  of  surface  AXL  following  MEKi,  in  comparison  to  cell  lines 
displaying  non-synergistic  responses  (Fig.  3C,  Fig.  S3C).  Notably,  cell  lines  displaying 
synergistic  response  were  also  enriched  for  RAS  mutation,  which  is  possibly  related  to  a 
decreased  reliance  on  signaling  through  proteolytically  shed  EGF-ligands  for  MAPK  activity, 
and  which  is  clinically  relevant  due  to  the  frequent  assessment  of  RAS  mutation  in  patient 
tumors  (Fig.  3C;  Fig.  S3D).  Indeed,  RAS-mutant  MDA-MB231  cells,  among  others,  were 
resistant  to  treatment  with  an  anti-EGFR  antibody  that  blocks  ligand  binding  (mAb225,  non- 
humanized  cetuximab;  Fig.  S3E),  and  Kras  mutation  is  a  contra-indication  for  cetuximab  therapy 
in  the  colorectal  cancer  setting  due  to  lack  of  efficacy  in  those  patients  (25). 

We  next  tested  the  synergistic  efficacy  of  dual  MEKi/AXLi  treatment  in  two  mouse 
xenograft  models,  using  cancer  cell  lines  that  showed  increased  surface  AXL  following  MEKi. 
First,  we  employed  orthotopic  TNBC  xenografts  using  the  highly  lung-metastatic  derivative  of 
MDA-MB23 1,  LM2.  Combined  MEKi/AXLi  treatment  reduced  both  tumor  growth  (Fig.  3D) 
and  metastasis  (Fig.  3E)  more  than  either  treatment  alone,  with  significant  super-additive 
synergistic  effects  in  tumor  growth  reduction  (p=0.015;  two-way  ANOVA  interaction  term; 
n>7).  In  melanoma  LOX-IMVI  xenografts,  we  hypothesized  that  MEKi+BRAFi 
(trametinib+vemurafenib)  combined  with  the  AXL  inhibitor  R428  (AXLi)  might  extend 
progression  free  survival  (PFS)  by  compensating  for  drug  resistance  arising  via  AXL-mediated 
bypass  signaling.  Using  an  in  vitro  prolifera tion/cyto toxicity  assay,  AXLi  combined  with  either 
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MEKi  or  BRAFi  showed  synergistic  effects  in  LOX-IMVI  (Fig.  S3F).  In  the  LOX-IMVI 
xenograft,  addition  of  AXLi  to  the  BRAFi/MEKi  treatment  regimen  led  to  an  enhanced  initial 
tumor  response  (Fig.  3F),  delayed  tumor  recurrence  after  the  initial  treatment  course  ended  (Fig. 
3G),  and  extended  median  overall  survival  by  roughly  50%  more  than  MAPKi  treatment  alone 
(Fig.  3H).  In  contrast,  AXLi  treatment  by  itself  had  no  significant  impact  on  overall  survival, 
thus  demonstrating  that  the  interaction  between  MAPKi  and  AXLi  is  synergistic  (Fig.  3H). 
Overall,  these  results  provide  evidence  that  AXL  mediates  bypass  signaling  in  response  to 
BRAFi/MEKi  treatment,  contributes  to  drug  resistance,  and  is  therapeutically  targetable  using 
combination  treatment  regimens. 

MEKi-induced  AXL  and  MET  upregulation  is  consistent  with  decreased  proteolytic  receptor 
shedding 

We  next  investigated  the  mechanism  by  which  AXL  and  MET  accumulate  on  the  cell 
surface  following  MEKi,  while  simultaneously  decreasing  levels  in  the  supernatant  and  in 
circulation.  We  first  took  a  proteomic  approach  to  look  for  global  patterns  in  how  the  tumor- 
derived  extracellular  proteome  changes  in  response  to  targeted  kinase  inhibitor  treatment,  using 
antibody  microarrays  to  screen  1000  proteins  for  differential  supernatant  accumulation  following 
MEKi  in  the  TNBC  MDA-MB23 1  cell  line.  Gene  set  enrichment  analysis  (26)  of  the  ~200 
proteins  exhibiting  significantly  altered  levels  in  the  supernatant  indicated  that  MEKi  reduced 
transmembrane  receptor  ectodomain  abundance  (Fig.  4A)  while  increasing  secreted  (not 
proteolytically  shed)  cytokine  levels  (Fig.  S4A).  Among  proteins  that  were  depleted  with  MEKi 
from  the  supernatant,  the  top-ranked  “transmembrane  receptor  activity”  gene-set  (Fig.  4A) 
comprised  various  known  sheddase  substrates  including  amyloid  precursor  protein  (APP)  (27) 
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and  low-density  lipoprotein  receptor  (LDLR)  (28).  These  results  combined  with  the  significantly 
decreased  supernatant  accumulation  of  RTKs  including  known  sheddase  substrates  MET  and 
HER4  (Fig.  1 A-B)  collectively  implicate  reduced  proteolytic  activity  as  a  potentially  key  effect 
ofMEKi. 

We  next  compared  the  supernatant  effects  ofMEKi  with  broad-spectrum 
metalloproteinase  inhibition  (MPi)  using  batimastat  (BB94),  and  found  similar  patterns  of  widely 
decreased  sheddase  substrates  amphiregulin  (AREG),  heparin-binding  epidermal  growth  factor 
(HBEGF),  tumor  necrosis  factor  receptor  1  (TNFR1),  and  AXL  following  inhibitor  treatment 
(Fig.  4B).  AREG,  HBEGF,  and  TNFR1  have  been  largely  associated  with  ADAM  17  cleavage 
(13,  17)  but  all  may  also  be  shed  by  ADAM10  depending  on  the  context  (15,  29-32).  Reduced 
sheddase  substrate  accumulation  was  not  an  exclusive  effect  of  direct  MEKi:  among  19  clinical 
and  pre-clinical  inhibitors  targeting  diverse  signaling  pathways  and  RTKs,  roughly  80%  (15/19) 
inhibited  substrate  accumulation  to  some  degree.  Nonetheless,  MEKi  exhibited  some  of  the 
strongest  effects  (Fig.  4B).  p38,  PI3K,  and  c-JUN  N-terminal  kinase  (INK)  inhibitors  also 
significantly  reduced  sheddase-substrate  accumulation,  consistent  with  previous  reports 
describing  their  effects  on  ADAM  activity  (15,  33).  In  contrast  to  supernatant  decreases,  surface 
levels  of  sheddase-substrates  AXL  and  TNFR1  correspondingly  increased  in  response  to  several 
other  inhibitors,  but  most  significantly  with  MPi  and  MEKi  (Fig.  S4B).  Kinetics  of  surface  and 
phosphorylated  AXL  following  MPi  (Fig.  S4C)  closely  resembled  MEKi  changes  (Fig.  S2D), 
with  observable  increases  by  3h  post-treatment  and  continued  accumulation  by  24h.  To  further 
compare  the  effects  ofMEKi  and  MPi,  we  profiled  gene  expression  changes  using  RNA 
microarrays  following  either  of  the  two  treatments.  Results  show  substantial  overlap  in  the 
transcriptional  responses  arising  from  MEKi  and  MPi,  suggesting  a  shared  mechanism  of  action 
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(Fig.  4C;  Fig.  S4D).  However,  gene  set  enrichment  analysis  indicated  MEKi,  but  not  MPi, 
induced  growth  arrest  (Fig.  S4E);  in  fact,  MPi  did  not  elicit  any  significant  gene-set  enrichment. 
Overall,  these  results  show  that  reduced  metalloproteinase  activity  is  a  surprisingly  prominent 
effect  of  MEKi.  Furthermore,  these  data  implicate  MAPK  signaling  as  one  of  the  key  pathways 
broadly  regulating  supernatant  sheddase-substrate  accumulation,  with  effects  similar  to  those 
seen  when  proteolytic  shedding  is  directly  inhibited. 

We  next  compared  the  effects  of  MPi  and  MEKi  on  RTK  changes  in  levels  in  cell  lysate, 
cell  surface,  and  in  exosomes.  Focusing  on  RTKs  and  key  sheddase  substrates  identified  in  the 
Ab-microarray,  we  first  analyzed  changes  in  surface  levels  of  proteins  (Fig.  4D).  In  two  TNBC 
cell  lines  (MDA-MB231  and  MDA-MB157),  we  measured  a  panel  of  18  sheddase-substrates  on 
the  cell  surface  in  response  MPi  and  MEKi,  and  found  significant  correlation  between  changes 
with  MEKi  compared  to  MPi  (Pearson’s  correlation  =  0.56;  p=0.0003,  two-tailed  t-test).  Results 
show  AXL  as  one  of  the  most  significantly  upregulated  membrane  proteins  (Fig.  4D).  Across  a 
panel  of  12  cell  lines,  we  observed  a  modest  yet  statistically  significant  correlation  between 
changes  in  surface  AXL  and  MET  in  response  to  either  MEKi  or  MPi,  such  that  cells  are  more 
likely  to  exhibit  increased  surface  AXL  or  MET  following  MEKi  if  they  also  showed  increased 
levels  following  MPi  (Fig.  S4F).  Gene  expression  helps  explains  why  some  sheddase-substrates 
actually  decrease  on  the  cell  surface  following  MPi;  for  example,  HBEGF  and  AREG  expression 
decrease  following  BB94  treatment,  and  their  levels  correspondingly  decrease  on  the  cell  surface 
(Fig.  S4G).  In  contrast,  AXL  expression  does  not  significantly  change  with  either  MPi  or  MEKi, 
and  in  LOX-IMVI  (Fig.  4E)  and  MDA-MB23 1  cells  (Fig.  4F)  treatment  with  both  MPi  and 
MEKi  significantly  increase  levels  of  full-length  intact  lysate  AXL  (see  Fig.  S4H-I  for 
confirming  pErk  reduction).  Similarly,  we  found  increased  intact  AXL  levels  in  CD63+ 
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exosomes  isolated  from  supernatant  of  the  same  cells  (Fig.  4G).  To  confirm  the  hypothesis  that 
this  is  due  to  changes  in  AXL  proteolysis,  we  measured  levels  of  ectodomain  AXL  receptor 
fragment  in  the  supernatant  of  treated  cells.  Indeed,  MPi  and  MEKi  both  decreased  the 
accumulation  of  an  AXL  ectodomain  fragment  in  the  supernatant  (Fig.  4H),  and  full-length  intact 
AXL  protein  was  not  detectable  to  any  similar  degree  compared  to  the  ectodomain  fragment  in 
the  supernatant  (Fig.  4H).  No  substantial  increases  in  cell  death,  apoptosis,  or  autophagy  were 
observed  with  BB94  or  PD325901  at  the  concentrations  tested,  suggesting  these  processes  are 
not  involved  in  the  AXL  phenotype  described  above  (Fig.  S4J).  Taken  together,  these  data 
provide  further  evidence  that  MEKi  effects  on  RTK  processing  are  highly  consistent  with 
reduced  proteolysis  by  metalloproteinases. 

To  more  broadly  assess  the  impact  of  direct  MPi  on  RTK  signaling,  we  next  examined 
MPi-induced  changes  in  total,  phosphorylated,  and  supernatant  RTK  levels  across  a  panel  of  19 
diverse  cell  lines.  MPi  widely  decreased  AXL,  MET,  HER2,  and  HER4  in  the  supernatant,  and 
increased  total  and  phospho-RTK  levels  in  many  cases,  most  significantly  and  consistently  for 
AXL  and  MET  (Fig.  41;  Fig.  S4K-L).  Overall,  these  data  show  that  proteolytic  RTK  shedding 
substantially  impacts  RTK  levels  and  signaling  in  many  cells,  especially  for  AXL. 

MPi  and  MEKi  cause  AXL-dependent  bypass  JNK/cJUN  signaling. 

We  next  tested  how  AXL  accumulation  after  MEKi  or  MPi  leads  to  corresponding 
changes  in  downstream  signaling  events.  At  the  RTK  level,  MEKi  and  MPi  increase  co- 
immunoprecipitation  of  AXL  with  MET  and  HER2,  which  has  been  associated  with  RTK  co¬ 
localization,  signaling  cross-talk,  and  AXL  transactivation  (Fig.  S5A)  (34).  Downstream  of 
receptor  signaling,  we  found  that  although  MEKi  reduced  pErk,  it  increased  phosphorylation  in 
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other  signaling  pathways  (Fig.  SI  A).  Previous  reports  have  implicated  signaling  of  JNK  and  its 
substrate  cJUN  in  MAPKi  resistance  (35),  and  here  we  found  p-cJUN  consistently  increased  with 
MEKi  treatment  more  than  5  other  canonical  signaling  pathways  averaged  across  8  cell  lines;  p- 
Akt  was  also  consistently  elevated  (Fig.  SI  A).  In  response  to  MPi,  JNK  and  cJUN 
phosphorylation  were  among  the  strongest  correlates  with  fluctuating  surface  AXL  and  p-AXL 
levels  compared  to  21  other  signaling  measurements  across  13  cell  lines  (Fig.  S5B-C), 
suggesting  that  accumulation  of  cell  surface  AXL  following  MPi  leads  to  increased  AXL 
phosphorylation  and  downstream  signaling  through  the  JNK/cJUN  pathway.  To  test  whether  the 
observed  JNK/cJUN  signaling  in  fact  depends  on  AXL  activity,  we  monitored  p-JNK  following 
MPi  or  MEKi  in  the  presence  or  absence  of  various  AXL  perturbations.  After  2h  MPi  treatment, 
compensatory  increase  in  phosphorylation  occurs  more  in  p-JNK  than  4  other  key 
phosphoproteins,  and  this  increase  can  be  blocked  by  co-treatment  with  AXLi  using  R428  (Fig. 
S5D).  After  3h  treatment  with  either  MPi  or  MEKi,  we  found  that  compensatory  increase  in  p- 
JNK  can  be  eliminated  by  siRNA  targeting  either  AXL,  or  to  a  lesser  extent,  MET  (Fig.  5A; 
siRNA  validation  Fig.  S5E).  By  24h  post-treatment,  compensatory  increases  in  p-cJUN  and  p- 
Akt  are  likewise  blocked  by  co-treatment  with  AXLi  using  R428  (Fig.  5B-C).  Compensatory 
JNK  signaling  in  response  to  MAPKi  leads  to  a  synergistic  response  to  dual  JNK  and  MAPK 
inhibition  (35),  and  our  data  suggest  that  sheddase  activity  is  a  key  feedback  component  driving 
this  synergistic  interaction.  To  test  this  model,  we  measured  the  degree  of  drug  synergy  as  a 
response  to  combination  MAPKi  and  JNKi  treatment,  in  the  presence  or  absence  of  MPi,  and 
found  that  the  degree  of  synergy  between  JNKi  and  MAPKi  is  strongly  reduced  in  the  absence  of 
metalloproteinase  activity  (Fig.  S5F-G). 
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MPi  drives  AXL-dependent  cell  proliferation  and  blocks  response  synergy  to  dual  MEKi  and 
AXLi. 

We  next  evaluated  the  direct  effect  of  MPi  on  cell  proliferation.  MPi  using  BB94  caused 
a  dose-dependent  increase  in  cell  growth  in  the  absence  of  AXLi;  however,  in  the  presence  of 
AXLi  using  R428,  MPi  actually  caused  a  dose-dependent  decrease  in  cell  growth  (Fig.  5D). 
Furthermore,  MPi  increased  the  mitotic  index  of  two  TNBC  cell  lines,  and  this  increase  was  also 
blocked  by  R428  (Fig.  5E).  Next,  we  directly  tested  the  role  of  proteolytic  activity  in  mediating 
MEKi/AXLi  synergy.  We  treated  cells  with  combinations  of  MEKi  and  AXLi  in  the  presence  or 
absence  of  MPi  (using  BB94),  and  then  fit  the  resulting  cell  growth  measurements  to  a 
computational  model  of  Loewe  synergy,  as  done  above  with  MAPKi  and  JNKi.  This  model  fits 
the  response  data  to  a  parameter  a  that  quantifies  the  degree  to  which  drugs  act  in  a  synergistic, 
super-additive  manner  where  the  effect  of  both  drugs  combined  is  greater  than  what  would  be 
expected  if  the  effects  were  independent  and  additive  (simulated  in  Fig.  5F).  This  analysis 
revealed  that  synergistic  interactions  between  MEKi  and  AXLi  were  substantially  reduced  in  the 
absence  of  metalloproteinase  activity  (Fig.  5G-H),  suggesting  that  proteolytic  activity 
significantly  contributes  to  AXL-dependent  MEKi  resistance. 

AD  AMI  0  and  AD  AMI  7  proteolytically  shed  AXL  to  downregulate  mitogenic  signaling 
activity. 

We  next  investigated  which  sheddases  cleave  AXL  directly,  focusing  on  ADAM  17  as  a 
principal  sheddase  and  ADAM  10  because  AXL  and  MET  shedding  are  closely  correlated 
throughout  our  data,  and  MET  is  a  previously-known  ADAM10  substrate  (15,  21,  36).  ADAM17 
and  ADAM  10  knockdown  using  pooled  small  interfering  RNA  (siRNA;  validation,  Fig.  S6A) 
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decreased  supernatant  AXL  accumulation  (Fig.  6A)  and  enhanced  its  levels  on  the  cell  surface  in 
both  MDA-MB231  (Fig.  6B)  and  MDA-MB157  cell  lines  (Fig.  S6B).  Combined  ADAM  10  and 
ADAM  17  knockdown  yielded  even  greater  effects,  underscoring  a  role  for  both  (Fig.  6A-B). 
Stable  short  hairpin  RNA  (shRNA)  knockdown  of  either  ADAM  10  or  ADAM  17  also  caused 
AXL  accumulation  on  the  surface  of  LOX-IMVI  melanoma  cells  (Fig.  S6C-D)  and  decreased 
supernatant  AXL  accumulation  (Fig.  S6E).  ADAM  10  inhibition  with  the  ADAMlO-selective 
inhibitor  GI-254023X  caused  a  dose-dependent  decrease  in  supernatant  AXL  ectodomain  (Fig. 
6C).  Similarly,  treatment  with  the  specific  ADAM  10  inhibitor  proAlO  (37)  reduced  supernatant 
AXL  (Fig.  6D). 

We  examined  the  ability  of  recombinant  ADAM  10  to  cleave  purified  AXL  protein,  and 
show  by  western  blot  that  ADAM  10  cleaves  recombinant  AXL  (Fig.  6E-F)  in  a  dose-dependent 
manner  into  ectodomain  fragments  of  roughly  the  same  size  (~85kDa)  as  found  in  cell 
supernatant  (Fig.  4H).  As  a  control,  we  confirmed  these  cleavage  products  were  reduced  in  the 
presence  of  MPi  (Fig.  6G).  We  also  confirmed  the  ability  of  ADAM  17  to  cleave  both 
recombinant  AXL  (Fig.  6G)  and  full-length  AXL  that  had  been  immunopurified  from  cell  lysate 
(Fig.  S6F-G). 

Specific  ADAM  10  inhibition  also  affected  cell  proliferation  in  an  AXL-dependent 
manner.  Treatment  with  either  GI-254023X  or  ADAM  10  siRNA  knockdown  had  minimal 
impact  on  cell  growth  in  the  absence  of  AXLi  (Fig.  6H),  and  stable  ADAM  10  knockdown  using 
shRNA  had  minimal  impact  on  the  growth  of  LOX-IMVI  xenograft  tumors  (Fig.  S6H). 

However,  when  AXL  signaling  was  inhibited  by  R428,  ADAM  10  inhibition  was  effective  in 
reducing  cell  growth  (Fig.  6H).  Similar  trends  were  observed  with  ADAM  17  siRNA  knockdown 
(Fig.  6H).  These  combined  results  are  consistent  with  BB94  effects  on  proliferation  (Fig.  5D-E) 
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and  demonstrate  AXL  upregulation  as  significantly  counteracting  the  anti-proliferative  capacity 
of  metalloproteinase  inhibitors. 

MEKi  dynamically  enhances  cell  surface  TIMP1  association  with  ADAM10,  thus  reducing 
AD  AMI  0  activity  and  causing  drug  resistance. 

We  next  investigated  the  mechanism  through  which  MAPKi  decreases  AXL  shedding. 
MEKi  significantly  reduced  ADAM  10  and  ADAM  17  catalytic  activities  in  a  live-cell  assay  (38) 
(Fig.  7A),  without  affecting  their  cell  surface  levels  (Fig.  S7A),  suggesting  direct  regulation  of 
the  protease  activities  themselves.  As  further  evidence  of  direct  protease  regulation,  ADAM  17 
phosphorylation  at  a  site  previously  associated  with  activity  (33)  decreased  with  MEKi  (Fig. 
S7B-C).  The  regulated  binding  of  ADAMs  with  Tissue  Inhibitor  of  Metalloproteinases  (TIMPs) 
including  TIMP1  and  TIMP3  has  been  implicated  as  a  mechanism  for  governing  protease 
activity,  and  we  next  tested  the  role  of  TIMPs  on  AXL  shedding.  SiRNA  knockdown  of  TIMP1 
but  not  TIMP3  mitigated  MEKi-induced  AXL  accumulation  on  the  surface  (Fig.  7B;  knockdown 
validation,  Fig.  S7D).  In  a  melanoma  xenograft  model,  we  tested  the  in  vivo  effect  of  TIMP1  on 
AXL  shedding  by  using  a  TIMP1  neutralizing  antibody  (Tl-NAB)  that  binds  TIMP1  and 
competitively  prevents  it  from  associating  with  proteases.  Co-treatment  with  Tl-NAB  blocked 
tumor  AXL  accumulation  after  MAPKi  treatment  (Fig.  7C).  Given  that  knockdown  of  TIMP3, 
which  preferentially  inhibits  ADAM  17,  had  no  effect  on  AXL  shedding,  and  because  TIMP1 
preferentially  inhibits  ADAM  10,  our  data  suggest  a  more  prominent  role  for  TIMP1  and 
ADAM  10  regulating  MEKi-driven  AXL  shedding. 

We  found  that  MEKi  continually  enhanced  the  binding  of  TIMP1  to  the  cell  surface  from 
30  min  (Fig.  7D)  to  24h  (Fig.  S7E).  In  contrast,  TIMP1  supernatant  levels  actually  declined  after 
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MEKi  (Fig.  S7F),  indicating  enhanced  TIMP1  surface  levels  do  not  simply  reflect  enhanced 
TIMP1  secretion.  We  thus  hypothesized  that  MEKi  induced  a  rapid  change  on  the  cell  surface 
that  enhanced  TIMP1  binding.  To  test  this,  we  first  treated  cells  for  5  min  with  MEKi,  rinsed, 
and  incubated  cells  on  ice  with  a  fixed  amount  of  fluorescently-tagged  recombinant  TIMP 1 
(rTIMPl-fluor).  MEKi  enhanced  rTIMPl-fluor  binding  to  the  cell  surface  by  nearly  50%  (Fig. 
7E),  supporting  the  idea  that  MEKi  treatment  leads  to  increased  accumulation  of  TIMP  1  on  the 
cell  surface. 

We  next  evaluated  the  role  of  ADAM  10  in  regulating  MEKi-driven  TIMP1  cell  surface 
accumulation.  Using  siRNA,  we  found  that  TIMP1  accumulation  on  the  cell  surface  was 
dependent  upon  ADAM10  expression  (Fig.  S7G;  knockdown  validation  S6A).  To  directly 
observe  interaction  between  TIMP1  and  ADAM  10,  we  over-expressed  transgenic  HA-tagged 
ADAM  10  by  2-fold  (Fig.  S7H),  treated  cells  for  5  min  with  MEKi,  rinsed,  and  again  incubated 
cells  on  ice  with  a  fixed  amount  of  rTIMPl-fluor.  Proteins  associating  with  ADAM  10  were  co- 
immunopurified  (co-IP)  using  EGS  crosslinking  and  anti-HA  agarose  resin.  To  sensitively 
detect  rTIMPl-fluor  co-IP,  bulk  immunoprecipitate  was  analyzed  by  fluorometry  and  found  to 
exhibit  detectable  rTIMPl  fluorescence  only  after  MEKi  (Fig.  7F),  further  suggesting  that  MEKi 
induces  ADAMlO-driven  cell  surface  TIMP1  accumulation. 

We  then  investigated  how  MEKi  dynamically  influences  interactions  between  ADAM  10 
and  TIMP1.  ADAM  10  and  ADAM  17  dimerization  has  been  associated  with  direct  activity 
regulation  (39,  40),  and  we  hypothesized  that  MEKi  elicited  increased  ADAM  10  dimerization 
and  association  with  TIMP1.  Previously,  immunoblots  of  EGS-crosslinked  lysate  have  shown 
ADAM10  forms  a  dimerization  band  at  roughly  120kDa  (39),  and  here  we  found  that  this  band 
increases  with  MEKi  and  co-immunostains  for  TIMP1  (Fig.  7G-H),  indicating  TIMP  1 -ADAM  10 
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interaction.  Thus,  MEKi  broadly  reduces  proteolytic  shedding  by  enhanced  TIMP 1  association 
with  ADAM  10,  negatively  regulating  its  activity. 

We  next  examined  the  role  of  TIMP  1  in  influencing  the  therapeutic  response  to  MAPKi. 
We  co-treated  cells  with  Tl-NAB  and  either  MEKi  or  BRAFi.  While  Tl-NAB  had  no  detectable 
effect  on  cell  growth  in  the  absence  of  MAPKi,  it  enhanced  MAPKi  sensitivity  by  up  to  50% 
(Fig.  71;  Fig.  S7I).  For  more  clinical  relevance,  we  next  examined  the  effect  of  Tl-NAB  co¬ 
treatment  in  a  melanoma  xenograft  model  undergoing  a  combined  MEKi/BRAFi  inhibitor 
regimen  similar  to  those  used  in  the  clinic.  Tl-NAB  treatment  alone  did  not  significantly  reduce 
tumor  growth  (Fig.  7J;  p=0.56,  two-way  ANOVA  independent  effect  term,  total  n=46).  In 
contrast,  Tl-NAB  significantly  enhanced  the  ability  of  MEKi/BRAFi  to  reduce  tumor  size  by  an 
additional  70%  (Fig.  7J;  note  log-scale).  Furthermore,  Tl-NAB  extended  the  time  to  tumor 
recurrence  after  MEKi/BRAFi  treatment  had  ended  (Fig.  7K).  Recurrent  outgrown  tumors  from 
this  study  did  not  exhibit  altered  AXL  levels  (Fig.  S7J),  which  is  in  contrast  to  tumors  analyzed 
while  on  drug  treatment  (Fig.  1C),  and  suggests  that  effects  on  AXL  shedding  largely  reverted 
during  the  roughly  3  weeks  after  treatment  ended.  Nevertheless,  these  results  provide  evidence 
that  reduced  proteolytic  AXL  shedding  via  TIMP1  association  leads  to  blunted  MAPKi  efficacy. 

Discussion 

We  have  elucidated  a  new  targetable  mechanism  of  bypass  cancer  cell  signaling  with 
implications  for  the  design  and  monitoring  of  cancer  therapies  (Fig.  7L).  Inhibition  of  multiple 
signaling  pathways,  particularly  ERK  signaling  through  MEK1/2,  reduces  proteolytic  RTK 
shedding  and  leads  to  enhanced  mitogenic  signaling  through  bypass  kinase  pathways  including 
INK.  Numerous  examples  of  increased  RTK  signaling  activity  have  been  observed  following 
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targeted  kinase  inhibitor  treatment,  often  with  little  mechanistic  explanation  outside  of 
transcriptional  upregulation  (1,  4,  5,  41).  MEK  and  PI3K  kinase  inhibition  have  been  shown  to 
enhance  the  signaling  of  sheddase  substrates  including  HER2  (3,  5)  and  AXL  (1,  42),  and  we 
show  here  that  inhibition  of  MEK,  BRAF,  and  to  some  extent  PI3K,  p38,  and  JNK  (as  in  Fig. 
4B)  reduce  RTK  shedding.  The  direct  inhibition  of  RTKs  also  gives  rise  to  bypass  signaling. 
For  example,  enhanced  AXL  signaling  mediates  resistance  to  the  EGFR/HER2  inhibitor 
lapatinib,  even  in  the  absence  of  AXL  transcriptional  upregulation  (4).  Although  transcriptional 
and  chromosomal  reprogramming  affect  bypass  signaling  (2),  these  processes  often  fail  to  fully 
explain  signaling  network  dynamics  following  drug  treatment;  this  is  especially  true  for  AXL, 
which  often  exhibits  little  transcriptional  upregulation  despite  sharply  enhanced  activity  (1,  4). 
Here,  we  offer  reduced  proteolytic  RTK  shedding  as  a  likely  explanatory  mechanism. 

The  promiscuous  nature  of  metalloproteinases  has  made  it  difficult  to  anticipate  the 
overall  effects  of  perturbing  their  activities,  especially  in  response  to  kinase  inhibition  (17,  19). 
Ectodomain  shedding  can  be  regulated  through  substrate-specific  pathways  (43),  and  in  this 
work  we  find  that  substrate-specific  regulation,  for  example  through  differential  substrate 
accumulation  on  the  cell-surface,  can  only  be  explained  partially  by  transcriptional  regulation 
(Fig.  S4G).  Nonetheless,  substantial  evidence  suggests  that  MEKi  inhibits  ADAM  catalytic 
activities  themselves  (Fig.  7),  and  we  highlight  an  unappreciated  role  for  TIMP1  association  in 
this  context.  Consequently,  MEKi  essentially  leads  to  a  global  reduction  of  ectodomain 
shedding  across  a  wide  range  of  substrates  (Fig.  1;  Fig.  4A).  Sheddase  substrates,  such  as  EGF- 
ligands,  have  been  studied  for  their  role  in  autocrine  growth  factor  signaling  and  have  motivated 
protease  inhibitor  development  (particularly  targeting  ADAM  10  and  ADAM  17)  for  clinical  use 
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(44).  This  work  suggests  that  past  metalloproteinase  inhibitor  clinical  trials  may  have  failed 
partly  due  to  unanticipated  compensatory  signaling  feedback  from  unshed  RTKs. 

In  general,  we  find  that  AXL  and  MET  shedding  downregulate  signaling  activity  by 
limiting  the  accumulation  of  full-length,  signaling-competent  RTK  on  the  cell  surface.  Ligand- 
dependent  receptor  activation  is  an  important  signaling  feature,  particularly  in  the  context  of 
receptor  shedding  (15),  and  is  relevant  for  future  studies.  Nonetheless,  AXL  and  the  other  RTKs 
studied  here  exhibit  significant  ligand-independent  activity  (34,  41),  which  amplifies  as  they 
accumulate  on  the  cell  surface  following  protease  downregulation.  Clinically,  AXL  upregulation 
often  occurs  without  apparent  dysregulation  of  its  ligand  Gas6,  and  roughly  half  of  observed 
AXL  bypass  signaling  acts  independently  of  Gas6  in  drug-resistant  cell  lines  (41).  Receptor 
shedding  also  results  in  the  generation  of  inhibitory  “decoy”  receptors  that  both  compete  for 
binding  of  free  extracellular  ligand  and  block  cell-surface  dimerization  between  signaling- 
competent  receptors;  decoy  functions  have  been  therapeutically  exploited  for  multiple  receptors, 
including  MET  (45)  and  AXL  (46).  Here  we  show  that  kinase  inhibition  simultaneously 
increases  full-length  RTK  on  the  cell  surface  while  decreasing  decoy  receptor  levels  in  the 
extracellular  supernatant  or  in  circulation. 

Diminished  RTK  shedding  likely  complements  other  bypass  signaling  mechanisms. 

Many  RTKs  reported  as  transcriptionally  upregulated  in  response  to  kinase  inhibition  are 
themselves  sheddase  substrates,  including  PDGFRP  (1,8),  VEGFR2  (1),  and  CD44  (47).  In  the 
context  of  MAPKi,  AXL  repeatedly  surfaces  in  genome -wide  screens  as  a  top  candidate  for 
rescuing  drug  sensitivity  upon  transgenic  overexpression  (48).  Reduced  RTK  shedding  has  the 
potential  to  amplify  the  effects  of  transcriptional  upregulation  by  increasing  the  fraction  of  total 
RTK  that  remains  intact  on  the  cell  surface.  Within  the  tumor  microenvironment,  stromal- 
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derived  growth  factors,  cytokines,  and  extracellular  matrix  contribute  to  drug  resistance  (20,  49- 
52).  Here  we  find  that  receptors  impacted  by  reduced  RTK  shedding  are  also  implicated  in 
tumor-stroma  ligand  interactions,  with  a  prominent  example  being  MET  activation  by  stromal- 
derived  hepatocyte  growth  factor  (HGF)  (5 1).  Of  note,  extracellular  HGF  and  Gas6  release 
occurs  through  secretion  rather  than  metalloproteinase  shedding.  Consequently,  reduced  RTK 
shedding  has  the  capacity  to  amplify  pro-survival  and  pro-metastatic  tumor-stroma  interactions, 
and  previous  work  has  demonstrated  RTK  shedding  as  a  modifier  of  ligand-dependent  receptor 
activation  (15). 

The  ability  to  assess  RTK  shedding  in  cancer  patients  using  relevant  biomarkers  is 
essential  for  efficient  clinical  translation.  A  substantial  proportion  of  molecular  cancer 
diagnostics  focuses  on  gene  expression  and/or  genetic  mutation  analysis  of  tumors,  is  dependent 
on  the  presence  of  an  accessible  tumor,  and  is  limited  by  factors  such  as  tumor  heterogeneity  and 
post-translational  regulation.  We  present  RTK  proteolysis  as  a  mechanistic  explanation  for  the 
discordance  between  gene  expression  and  signaling  activity,  and  provide  evidence  that  receptor 
shedding  can  be  non-invasively  monitored  in  clinical  samples  following  drug  treatment. 

Although  promising,  the  small  cohort  of  patient  samples  examined  here  should  be  expanded  to  a 
study  of  both  larger  cohorts  and  a  broader  panel  of  sheddase  substrates  such  as  adhesion 
receptors,  cytokines,  and  cytokine  receptors.  Importantly,  RTK  proteolysis  may  also  reflect  drug 
toxicity  in  addition  to  drug  efficacy,  and  multiple  physiological  factors  may  influence  altered 
circulating  RTK  levels.  For  instance,  foretinib  has  been  observed  to  cause  elevated  circulating 
MET  in  patients  (53),  which  may  be  explained  by  its  common  liver  toxicity  (high  AST/ALT)  and 
the  corresponding  association  of  hepatotoxicity  with  elevated  MET  shedding  (54).  Changes  may 
also  be  related  to  altered  gene  expression  and  known  vascular  effects  of  foretinib  including 
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hypertension.  Nonetheless,  the  value  of  a  biomarker  that  can  predict  resistance  and  shed  light  on 
a  next  potential  line  of  therapy  cannot  be  underestimated.  Ultimately,  circulating  RTKs  hold  the 
potential  to  stand  alone  and  to  complement  other  diagnostic  biomarkers  in  guiding  targeted 
combination  therapies,  monitoring  drug  response,  and  non-invasively  detecting  the  emergence  of 
drug  resistance. 
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Methods 


Unless  otherwise  stated,  reported  replicates  are  from  unique  biological  samples,  statistical 
tests  used  the  two-sided  Student’s  t-test  for  significance,  and  mean  values  are  reported  with  error 
bars  denoting  standard  error  of  the  mean.  With  some  explicitly  stated  exceptions,  experiments 
used  lOpM  BB94,  3pM  R428,  3pM  PD325901,  5pM  U0126,  lOpM  AZD6244,  15pM  MP470, 
and  4pM  pro-ADAMlO.  Please  see  Supplemental  Experimental  Procedures  for  further 
information  regarding  materials,  experimental  details,  and  computational  analysis  methods. 

Cell  Lines:  The  following  cell  lines  were  purchased  directly  from  commercial  or 
governmental  repositories  and  immediately  used  for  experiments  in  this  manuscript:  MDA- 
MB231  (ATCC,  Jun.  2012);  LOX-IMVI  (NCI-DCTD  repository,  Mar.  2014); 

SUM149  and  SUM102  (Asterand  Biorepository,  Nov.  2011);  HCC827  (ATCC,  Jan.  2012); 
BT549  (ATCC,  Apr.  2010);  BT20  (ATCC,  Jan.  2012).  Additional  cell  lines  were  procured  from 
Massachusetts  Institute  of  Technology  (MIT),  Harvard  Medical  School  (HMS),  and  University 
of  Michigan  collaborating  lab  banks:  MA2  and  A375  cell  lines  (Richard  Hynes,  MIT,  Jan.  2013); 
BT474,  Hs578T,  HCC38,  MDAMB436,  MDAMB468  (Mike  Yaffe,  MIT,  Apr.  2011);  A172 
(Leona  Samson,  MIT,  Jan.  2013);  U87  (Dane  Wittrup,  MIT,  May  2011);  A549  (Linda  Griffith, 
MIT,  May  2011);  SUM  159  (Joan  Brugge,  HMS,  Jan.  2011);  LM2  (55)  (Richard  Hynes,  MIT, 

Jan.  2013);  SUM1315  (Stephen  Ethier,  Univ.  Michigan,  Dec.  2009).  Cell  lines  were  routinely 
tested  for  mycoplasma  (Lonza  MycoAlert)  within  3  months  of  use  and  were  not  authenticated. 

All  cell  culture  was  performed  according  to  the  manufacturer’s  guidelines. 

Melanoma  Patient  Samples:  Patients  with  metastatic  melanoma  containing  BRALV600E 
mutation  (confirmed  by  genotyping)  were  enrolled  on  clinical  trials  for  treatment  with  a  BRAL 
inhibitor  or  combined  BRAL  +  MEK  inhibitor  (dabrafenib  150mg  b.i.d.,  trametinib  2mg  q.d.)  at 
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Massachusetts  General  Hospital  and  were  consented  for  blood  and  tissue  acquisition  per  IRB- 
approved  protocol,  conducted  in  accordance  with  the  Declaration  of  Helsinki.  All  patients  (or 
legal  representatives)  gave  written  informed  consent  before  enrollment.  Blood  was  collected  and 
tumor  biopsies  were  perfonned  pre -treatment  (day  0),  10-14  days  on  treatment,  and/or  at  time  of 
progression  if  applicable.  Multiple  on  treatment  blood  samples  were  collected  over  the  course  of 
therapy  as  available.  Plasma  was  isolated  immediately  from  blood  samples  using  BD  Vacutainer 
CPT  tube  with  Sodium  Citrate  (BD  362761).  Formalin- fixed  tissue  from  each  tissue  biopsy  was 
analyzed  to  confirm  that  viable  tumor  was  present  via  hematoxylin  and  eosin  (H&E)  staining. 
Clinical  response  was  assessed  by  RECIST  (See  supplemental  experimental  procedures). 

In  vivo  tumor  growth  and  metastasis  assays:  All  animal  experiments  and  husbandry 
were  approved  by  the  MIT  Division  of  Comparative  Medicine  in  accord  with  guidelines  of  the 
MIT-IACUC.  For  orthotopic  mammary  transplant  assays,  6-week-old  female  NOD/SCID- 
gamma  mice  (JAX)  were  anesthetized  by  i.p.  injection  of  125-250  mg/kg  body  weight  of 
Avertin  (reconstituted  in  PBS),  followed  by  i.p.  injection  of  100  pL  of  12  pg/mL  buprenorphine 
for  analgesia.  A  small  incision  was  made  on  the  right  flank,  and  250,000  MDA-MB231-LM2 
cells  in  25  pL  of  HBSS  were  injected  into  the  right  #4  fat  pad  using  a  25-pL  Hamilton  syringe. 
Mice  received  three  additional  i.p.  injections  of  100  pL  of  12  pg/mL  buprenorphine  at  12h 
intervals  following  the  surgery.  Initial  sample  size  was  chosen  based  on  previously  published 
experiments  with  MDA-MB231-LM2  xenograft  models  (55),  as  well  as  previously  published 
data  with  the  MEK  and  AXL  drugs  of  interest  (56,  57).  20  days  post-surgery,  when  tumor  size 
was  palpable,  mice  were  ranked  by  tumor-size  and  semi-randomly  divided  into  four  groups  of 
equal  distribution  in  tumor  size.  Groups  received  one  of  four  different  drug  treatments  once  daily 
for  21  days  by  oral  gavage:  vehicle  (10%  DMSO  +  0.5%  methylcellulose  +  0.2%  tween-80  in 


29 


water),  Axl  inhibitor  R428  at  30  mg/kg,  PD0325901  at  1  mg/kg  or  a  combination  of  both  R428 
at  30  mg/kg  and  PD0325901  at  1  mg/kg.  Animals  were  sacrificed  at  the  predetennined  time  of 
2 1  days  following  initiation  of  drug  treatment. 

For  the  xenograft  melanoma  experiment,  7  week  old  female  athymic  nude  mice  (Taconic) 
were  injected  with  lxlO6  LOX-IMVI  cells  in  1:1  MatrigekHBSS  subcutaneously  in  each  flank 
(58).  7  days  post-cell  injection,  tumors  were  measured  by  calipers  and  mice  were  ranked  by 
tumor  size  and  semi-randomly  divided  into  6  groups  of  equal  distribution  in  tumor  size,  with  10 
mice  per  group.  Groups  received  one  of  four  different  drug  treatments  once  daily  for  14  days  by 
oral  gavage:  vehicle  (10%  DMSO  +  0.5%  methylcellulose  +  0.2%  tween-80  in  water),  Axl 
inhibitor  R428  at  30  mg/kg,  PD0325901  at  1  mg/kg  and  Vemurafinib  at  lOmg/kg  or  a 
combination  of  R428  at  30  mg/kg,  PD0325901  at  1  mg/kg  and  Vemurafinib  at  lOmg/kg.  To 
study  the  role  TIMP 1  in  resistance  to  MAPKi,  mice  were  treated  with  a  TIMP 1  neutralizing  AB 
(AbD  Serotec  /  Biorad)  at  32  mg/kg  IP  (59)  daily  for  3  days  prior  to  starting  drug  treatment  and 
then  every  second  day  during  drug  treatment.  Mice  were  sacrificed  when  overall  tumor  burden 
reached  more  than  3  cm  in  diameter.  Tumor  size  measurements,  tissue  processing,  staining  of 
tumors  and  exclusion  criteria  can  be  found  in  supplemental  experimental  procedures. 

Accession  Numbers:  RNA  microarray  expression  data  can  be  found  in  the  GEO  repository 
under  accession  number  GSE77868. 
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Figure  Legends 


Figure  1:  MEKi  broadly  reduces  extracellular  release  of  protein  ectodomains  and 
correlates  with  drug  resistance  in  melanoma  patients.  A)  MEKi  with  U0126  and  PD325901 
reduces  supernatant  accumulation  of  soluble  RTKs  (measured  by  ELISA)  in  multiple  cancer  cell 
lines  (n>2).  B)  Change  in  supernatant  RTKs  after  treatment  with  MEKi,  averaged  across  all  cell 
lines  shown  in  A  (pooled  two-tailed  t-test;  n=22).  C-D)  Circulating  plasma  levels  of  soluble  AXL 
and  MET  decrease  after  (C)  MAPKi  treatment  (10  mg/kg  vemurafenib  +  1  mg/kg  trametinib)  in 
LOX-IMVI  melanoma  xenografts  (p=0.004,  n=4,  pooled  two-tailed  t-test),  or  (D)  MEKi 
treatment  (1  mg/kg  PD325901)  in  orthotopic  LM2  breast  cancer  xenografts  (p=0.0036,  n>4, 
pooled  two-tailed  t-test).  E)  Plasma  from  melanoma  patients  was  assayed  for  soluble  RTK  levels 
before  and  on  treatment  with  dual  BRAFi/MEKi  therapy;  heatmap  shows  the  average  of  6  RTK 
levels  (Fig.  S1G  for  full  dataset).  F)  Kaplan-Meier  analysis  based  on  average  pre-treatment 
RTK  levels  (see  E\  p=0.005;  two-tailed  log-rank  test;  total  n=l  1).  G)  Circulating  RTK  levels 
decrease  in  melanoma  patients  with  short  progression  free  survival  (PFS)  after  MAPKi  treatment 
(median  +/-  IQR  of  RTK  levels,  averaged  as  in  E).  H)  Kaplan-Meier  analysis  based  on  the 
change  in  RTK  levels  with  MAPKi  therapy  initiation  (p=0.005;  two-tailed  log-rank  test;  total 
n=l  1). 

Figure  2:  Decreased  circulating  AXL  correlates  with  increased  AXL  surface  levels  in  the 
tumor  after  MEKi.  A)  Longitudinal  plasma  RTK  levels  monitored  in  melanoma  patients 
showing  similar  initial  response  to  MAPKi  (Fig.  S2A)  but  dramatically  different  PFS.  B) 
Immunofluorescence  of  AXL  cytoplasmic  domain  (C-term)  and  ectodomain  (N-term)  from 
tumor  biopsies  from  patients  in  A.  C)  Schematic  of  AXL  measurements  and  quantification  of 
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data  from  B.  D)  Multivesicular  bodies  (MVB)  generate  exosomes  containing  membrane  proteins 
resembling  those  on  the  cell  surface.  E)  Levels  of  MET,  AXL,  and  the  exosome  marker  CD63  on 
EVs  isolated  from  plasma  from  patient  #4  pre-treatment  and  after  disease  progression  (nPLEX; 
*p=0.008,  n=8,  two-tailed  t-test).  F)  Levels  of  full-length  AXL  on  exosomes  isolated  from  LOX- 
IMVI  cells  in  culture  (western  blot;  n=3).  G)  Levels  of  MET,  AXL,  and  the  exosome  marker 
CD63  on  exosomes  isolated  from  MDA-MB231  cells  +/-  MEKi  treatment  (nPLEX;  *p=0.01, 
n>2,  two-tailed  t-test).  H)  LOX-IMVI  lysate  western  blot,  probed  with  Abs  for  AXL  ectodomain 
(N-term)  and  cytoplasmic  (C-term)  epitopes.  I)  Quantification  of  cell  count,  pERKl/2,  and  RTK 
levels  in  LOX-IMVI  cells  (n>3).  J)  MDA-MB23 1  lysate  western  blot,  probed  with  Abs  for  AXL 
ectodomain  (N-tenn)  and  cytoplasmic  (C-term)  epitopes.  K)  Quantification  of  cell  count, 
pERKl/2,  and  RTK  levels  in  MDA-MB231  (n>3).  L)  Representative  immunofluorescence  of 
LM2  primary  TNBC  tumors  21  days  after  PD325901  treatment,  showing  upregulation  of  AXL 
ectodomain  near  the  tumor  edge.  Scale  bar  =  100pm.  M)  Mean  (thick  line)  +/-  SEM  (shaded 
area)  for  staining  intensity  for  MET  and  AXL  measured  within  a  140  pm  sliding  window  from 
the  tumor  edge  (*p=0.0 1 3;  n>3  tumors  per  group). 


Figure  3:  Combination  MEKi  and  AXLi  synergistically  reduce  tumor  growth  and 
metastasis  in  mouse  models  of  melanoma  and  TNBC.  A)  Cell  counts  and  surface  AXL  and 
MET  changes  (measured  by  live-cell  immunostaining;  n=3)  after  24h  treatment  with  MEKi  in  1 1 
different  cell  lines.  B)  Correlation  between  cell  count  and  surface  RTK  expression  after  MEKi 
treatment,  ranked  by  order  across  cell  lines  in  A  (p  =  Spearman  correlation,  p-value  from  exact 
pennutation  test).  C)  U0126  and  PD325901  increase  surface  AXL  (measured  by  live-cell 
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immunostaining)  more  in  cell  lines  showing  synergistic  inhibition  of  proliferation  from  dual 
AXLi/MEKi  (p=0.01,  two-tailed  t-test).  Dots  represent  data  from  10  cell  lines  and  two  drug 
combinations  (see  Fig.  S3).  Treatments  in  KRAS  or  HRAS  mutant  cell  lines  are  shown  in  red,  and 
are  significantly  enriched  among  the  synergistic  responses  (p=0.02,  Fisher’s  exact  test).  D)  Dual 
AXLi/MEKi  reduces  tumor  growth  more  than  either  treatment  individually  (1  mg/kg  PD325901; 
30  mg/kg  R428),  in  LM2  TNBC  xenografts  (*two-tailed  t-test,  n>7).  E)  Dual  AXLi/MEKi 
reduces  metastasis  after  21  days  of  treatment,  corresponding  to  D  (*two-tailed  t-test,  n>7).  F-H) 
AXLi  (30  mg/kg  R428)  co-treatment  synergistic  ally  increases  efficacy  of  BRAFi/MEKi  (1 
mg/kg  PD0325901  with  10  mg/kg  vemurafinib)  in  LOX-IMVI  xenografts  by  enhancing  initial 
tumor  shrinkage  (F;  p=0.031,  two-tailed  t-test),  delaying  tumor  recurrence  (G;  p=0.002,  two- 
tailed  t-test),  and  extending  survival  (H;  p=0.03,  two-tailed  log-rank  test);  n>8  animals  per  group 
for  all.  Note  AXLi  alone  fails  to  significantly  affect  tumor  growth  and  animal  survival. 


Figure  4:  MEKi-induced  RTK  changes  are  consistent  with  decreased  proteolytic  receptor 
shedding.  A)  Top  bar  graph:  Differentially  detected  supernatant  proteins  from  MDA-MB23 1 
treated  with  MEKi  (PD325901)  for  24h,  measured  by  Ab-microarray  (n=4).  Middle:  Enrichment 
score  (ES)  trace  for  top-ranked  gene-set  of  proteins  depleted  with  MEKi;  vertical  bars  below 
trace  indicate  location  of  proteins  in  the  top-ranked  gene-set.  B)  Diverse  kinase  inhibitors 
(labeled  as  drug  target  followed  by  drug  name)  affect  supernatant  concentrations  in  MDA- 
MB231  (n>2;  ELISA),  after  normalizing  to  cell  count.  C)  Venn  diagram  of  differentially 
expressed  genes  (DEGs)  from  RNA  microarray  analysis  of  MD A-MB23 1  treated  with 
PD325901  or  BB94  for  24h  (q=FDR-corrected  p-value;  n>2).  D)  Surface  level  changes  of 
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sheddase  substrates  following  MPi  or  MEKi  in  two  TNBC  cell  lines  (live-cell  immunostaining; 
n=3).  E-F)  Intact  lysate  AXL  from  LOX-IMVI  (E)  and  MDA-MB23 1  cells  (F),  as  detected  using 
Abs  probing  N-tenn  or  C-term  epitopes  (n=4).  G)  Full-length  exosomal  AXL  and  exosome 
markers  CD63  and  HSP70,  isolated  MDA-MB231  supernatant  (n=6).  H)  The 
immunoprecipitated  shed  AXL  fragment  from  supernatant  of  MDA-MB23 1  cells  decreases  in 
abundance  with  BB94  or  PD32095 1  treatment  (n=3).  For  E-H,  *p<0.05,  two-tailed  t-test.  I) 
Supernatant,  lysate  total  and  phospho-RTK  levels  following  MPi;  each  dot  represents  one  of  19 
cell  lines  tested  (see  Fig.  S4K-L). 

Figure  5:  MPi  increases  proliferation  in  an  AXL-dependent  manner  and  blocks 
MEKi/AXLi  synergy.  A)  AXL  and  MET  siRNAs  reduce  compensatory  p-JNK  signaling, 
measured  following  3h  drug  treatment  and  48h  siRNA  treatment  in  MDA-MB23 1  (*p=0.014, 
pooled  t-test,  n=2  reps  /  cond;  siRNA  validation,  Fig.  S5E).  B-C)  Representative  western  blots 
(B)  and  quantification  (C)  show  enhanced  p-Akt  and  p-cJUN  following  24h  treatment  with  either 
MPi  or  MEKi,  which  is  blocked  in  the  presence  of  AXLi  (*p<0.05,  two-tailed  t-test,  n>3).  D) 
MPi  using  BB94  enhances  proliferation  in  the  absence  of  R428,  but  decreases  proliferation  when 
R428  is  present  (p=0.02;  n>4,  two-tailed  t-test).  E)  BB94  increases  mitotic  index,  measured  by 
FACS  cell  cycle  analysis,  which  is  blocked  by  AXLi  using  R428  (bars  denote  p<0.05;  n>4  total 
reps;  pooled  two-tailed  t-test).  F)  Computed  simulations  to  illustrate  how  increasing  the  Loewe 
synergy  term  a  theoretically  affects  cell  survival  (shown  by  heatmaps)  in  response  to  varying 
combinations  of  AXLi  and  MEKi  co-treatment.  G)  Cells  were  treated  with  varying 
combinations  of  MEKi  and  AXLi  for  72h,  in  the  presence  or  absence  of  BB94,  after  which  cell 
count  was  measured  (shown  as  numbers  and  heatmap  as  a  fraction  of  the  max  cell  count  for  each 
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plate).  H)  Data  from  combination  drug  treatments  ( G )  were  fit  to  a  model  of  Loewe  synergy, 
yielding  the  synergy  interaction  term  a,  which  significantly  decreased  with  MPi  (*p<0.05,  two- 
tailed  jackknife  test,  n=20  measurements  over  n=2  reps). 

Figure  6:  ADAM10  and  ADAM17  regulate  cell  surface  AXL  and  alter  cell  growth  in  an 
AXL-dependent  manner.  A-B)  AD  AM-targeted  siRNAs  (validation:  Fig.  S6A)  reduce 
supernatant  AXL  ( A ;  ELISA  measurement)  and  increase  surface  AXL  ( B ;  live-cell 
immunostaining)  compared  to  non-targeted  siRNA  (*p<0.05;  n>2)  in  MDA-MB231.  C)  The 
specific  ADAM  10  inhibitor  GI-254023X  decreases  supernatant  AXL  from  MDA-MB231 
(*p<0.05;  n=3).  D)  The  specific  ADAM  10  inhibitor  proAlO  reduces  supernatant  AXL 
compared  to  the  vehicle  control,  measured  by  ELISA  using  MDA-MB231  (*p<0.05;  n>2).  E-F) 
Recombinant  ADAM  10  cleaves  recombinant  AXL  in  a  dose-response  fashion,  shown  by  AXL 
immunoblot  (E)  and  corresponding  quantification  (F;  *p<0.05;  two-tailed  t-test;  n=2).  G) 
Recombinant  ADAM  10  and  ADAM  17  cleave  recombinant  AXL,  and  cleavage  is  blocked  by 
MPi  using  BB94  (n=2).  H)  In  MDA-MB23 1  cells,  ADAM  10  inhibition  or  knockdown  by  siRNA 
only  decreases  proliferation  in  the  presence  of  AXLi  using  R428.  ADAM  17  siRNA  only  induces 
proliferation  in  the  absence  of  AXLi.  SiRNA  results  were  measured  24h  after  AXLi,  72h  after 
transfection,  and  GI-254023X  results  were  measured  after  72h  treatment  (*p<0.05;  n>4;  two- 
tailed  t-test). 

Figure  7:  MEKi  reduces  sheddase  activity  via  increased  TIMP1  association,  and  TIMP1 
neutralization  enhances  MAPKi  efficacy.  A)  MEKi  reduces  ADAM  10  and  ADAM  17  catalytic 
activities  in  MDA-MB231,  directly  measured  using  the  live-cell  PrAMA  assay  (*p<0.05;  n=4). 
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B)  Live-cell  immunostaining  shows  knockdown  of  TIMP1  but  not  TIMP3  reduces  surface  AXL 
in  MDA-MB231,  24h  after  PD325901  treatment  and  72h  after  transfection  (*p<0.05;  n=3; 
knockdown  validation:  Fig.  S7D).  C)  Co-treatment  with  a  TIMP1  neutralization  antibody  (Tl- 
NAB)  blocks  tumor  AXL  accumulation  following  BRAFi/MEKi  treatment  in  the  LOX-IMVI 
melanoma  xenograft  model,  shown  by  immunofluorescence  quantification  (*p=0.02;  n>2).  D) 
Live-cell  immunostaining  shows  MEKi  increases  surface  TIMP 1  in  MD A-MB23 1 .  E)  Flow 
cytometry  shows  5  min  MEKi  treatment  increases  rTIMPl-fluor  binding  to  the  cell  surface 
(*p<0.05;  n=4).  F)  Significant  co-IP  of  ADAM  10-HA  and  rTIMP-fluor  is  only  detected  in  bulk 
anti-HA  IP  lysate  from  cells  transfected  with  ADAM10-HA  and  treated  with  U0126  (*p<0.05; 
n=3;  pooled  two-tailed  t-test).  G-H)  The  120kDa  ADAM10  dimerization  band  (39)  and  co-IP 
with  rTIMPl  increases  with  5  min  MEKi  (*p<0.05;  n>3).  I)  24h  pre -treatment  with  a  TIMP1 
neutralization  antibody  (Tl-NAB)  followed  by  co-treatment  with  PD325901  (MEKi)  or 
vemurafenib  (BRAFi)  lead  to  enhanced  reduction  in  cell  count  at  72h,  normalized  to  the  effect- 
size  of  BRAFi  or  MEKi  alone  (*p=0.03,  pooled  two-tailed  t-test,  n=18  total  reps).  J-K)  Tl-NAB 
co-treatment  synergistically  increases  BRAFi/MEKi  efficacy  in  the  LOX-IMVI  xenograft  model 
by  enhancing  initial  tumor  shrinkage  (J;  p=0.014,  two-way  ANOVA  interaction  term,  total  n=46) 
and  delaying  tumor  recurrence  (X;  p=0.04,  two-tailed  t-test,  n>8  per  group).  L)  Overview 
schematic  of  RTK  shedding  as  a  mechanism  of  MAPKi  resistance. 


44 


PFS  fraction 


Figure  1 
A 


B 


+/-  U0126 


■  PD325901 


2 1  A1 72 
SI  U87  [ 

MDAMB1 57 
MDAMB231 
LM2  [ 
SUM159  [ 
HS578T  [ 
SUM149  [ 

NSCLC|  A549 


average  supernatant  RTK 
(%  difference) 

-50  +100 


AXL 

MET 

IGF1R 

HER4 

HER3 

HER2 

EGFR 


1 

cc 


24h  supernatant  RTK  (fraction  control) 
1/3  1 


I  AXL 
D  MET 


I  l  I 

Ctrl  +MAPKi 


|p  =7-10  7 

|p  =2-10 8 
^|p=0.01 
f  |p  =0.01 

hM"-s- 

1 1  n.s. 

1  '  |  n.s. 

IU0126 

]PD325901 


average 

patient  #  PFS  (mo.)  Rf™8 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 
11 


low  RTK  (pre-treatment) 


high  RTK 
(pre-treatment) 


p=0.005 


5  15  25  35 

time  (months  post-treatment) 


average 
plasma  RTK 

[on-tx  I 
pre-tx  J 


23' 


Q 


0-6  >6 
PFS  (months) 


increased  RTK  with  MAPKi 


decreased  RTK 
"j  with  MAPKi 


p=0.005 


5  15  25  35 

time  (months  post-treatment) 


Figure  2 


A  B 


time  (days) 

O  pre-treatment 
O  on-treatment 


(D 

u. 

o. 

cn 

c 

O 


pre-treatment 


on-treatment 


dapi 


DA  PI 


pre-treatment 


DAPI 


AXL  C-term 


progression 


DAPI 


c 


4  ^  AXL  N-term 


AXL  C-tenn  cell  membrane 


(fraction  max) 


F 


25 


LOX-IMVI 
exosomal 
130kDa  AXL  1 
(♦/- MEKi.  48h) 


ectodomam  (N-term) 


ectodomain  (N-term) 


LOX-IMVI 


pERKI/2 

44kDa 

AXL  N-term 

_ _ _ 

130kDa 

AXL  C-term 

—  — - —  130kDa 

Tubufan  mm  mm  mm  mm  ~  50kDa 
PD(uM)  o  0.1  1  10  25 


150 


8 

i 

s 

c 

c 

1 


r  lysate  AXLi 
L  supe.  AXLJ 


lysate  AXL 
24  h 


ia*  up  io* 
MEKi  concentration  (uM  PD) 


MDA-MB231 

pERKI/2  ~  44kDa 

AXL  N-term  1 30kDa 

AXL  C-term  “  —  m  —  —  1 30kDa 
Tubulin  m  mm  50k0a 

PD(uM)  0  0.1  1  10  25 


K 


t 


MEKi  concentration  (uM  PD) 


r  lysate  AXL] 
"L  supe  AXL J 


lysate  AXL 
"  24h 


Ctrl 


MEKi 


M 


2  MET 

ectodomain 

staining 

(fold-change) 


0.7 


^  ^ 
distance  from  tumor  edge  (urn) 


AXL 

ectodomain 

staining 

(fold-change) 


Figure  3 


A 


surface  RTK 

cell  count  (fraction  control,  72h)  +/-  5uM  U0126 


BT549 

A549 

MDAMB231 

MDAMB157 

A172 

MDAMB436 

HCC827 

SUM159PT 

Hs578T 

MA2 

A375 


U0126  concentration  (uM) 


3/2 


2/3 


B 


surface  RTK  (+/-  U0126)  rank 


RAS 

mutant 


surface  AXL 
%  difference 
(+/-  MEKi  24h) 

0 

-20 


o 

J±L- 


o 


[+1 


■Sf 


I*®" 


E 


i 


lung 
micro- 
metastases 
(frac.  Ctrl) 


0 


Ctrl  AXLi  MEKi  AXLi+ 
MEKi 


Figure  4 


A  (+/- PD325901) 


transmembrane  receptor  activity 
(rank  1/87;  decreased  with  MEKi) 


B 


24h  supe.  protein  (ELISA) 


MMP  (BB94) 

p38  (SB) 
Mek  (PD) 
MET  (XL) 
Mek  (U0126) 
Mek  (AZD6244) 
Abl  (Toza) 
PI3K  (LY) 
Jnk(IN-JNK) 
Jnk(SP) 
EGFR  (Get) 
EGFR  (Erl) 
Jnk  (TCS) 
Abl  (Imat) 
EGFR/HER2  (Lap) 
AXL  (R428) 
Alk5  (ALX) 
AXL  (MP470) 
MLCK  (ML7) 
GSK3b  (SB) 


0.5 


DEG  overlap 

p<1010 


O  all  genes 
O  BB94  DEGs 
O  PD  DEGs 


MEKi  (PD)  MPi  (BB94) 


AXL 

LDLR 

C D 

o 

1C  AMI 

ADAM  10 

< 

MET 

LL 

MMP14 

c 

CD44 

03 

TNFR1 

O 

MMP15 

Li. 

HER2 

CD 

O 

APP 

U3 

ADAM  12 

3 

ADAM9 

MMP2 

MMP16 

HBEGF 

TGFA 

AREG 

:n 


0.5 


157  231  157  231 


E 


F 


x 

o 


AXL  C-term  *"""  '  130kDa 

AXL  N-term  —  1 30kD  a 

pERK  —  =  45kD  a 

Tubulin  50kDa 

#  £> 


G 


CO  ni 


□  « 
LJ  yj 


AXL  C-term  “  ™  ■ 

1 30kDa 

AXL  N-term  —  —  — . 

1 30kDa 

pERK  —  = 

45kDa 

Tubulin 

50kDa 

#  ^  f 

< 

Q 


AXL  C-term 


AXL  N-term  ■_  S* 


130kDa 

130kDa 


HSP70  Iff  73kD  a 
CD63— 45kDa 


#  #  f 


H 


< 

Q 


igG 


AXL  IP 


150kDa  ■ 
100kDa-l 
75kDa  - | 

50kDa  - 


AXL  N-term 
AXL  C-term 


-85 kDa 


Fn.s.  (IgG) 


I 


cell  line 
cancer  type 

O  MM 


supernatant 


lysate 


lysate  pan-pY 


cell  line 


fraction  control  (24h  +/-  BB94) 


Figure  5 


B 

pAktS473  ' 
pc-JunS63  • 
Tubulin  i» 


kI®  .. .1..  .  Oy" 


<gp  <r  <&>  <$ 


>x  d? 


60kDa 


42  kDa 


50kDa 


^Jpc-JunS63 
I  |pAktS473 


control 


concentration  BB94  (uM) 


E 

* 


F 


O 


no  synergy  (a=0)  low  synergy  (a=1 )  high  synergy  (a=10)  very  high  synergy  (a=1 00) 


AX  Li  (R428)  cone.  (uM) 


■ 

J 


1 


0 


MDAMB23t  (-MPi) 


MDAMB231  (+MPi) 


0.19  0.38 


0.19  0.38 


AXLi  (R428)  cone.  (uM) 


H 


12 


measured 
MEKi/AXLi 
synergy  (a) 


o 


-MPi  +MPi 


simulated  cell  count 


Figure  6 


(jjM  GI-254023X) 


E 


AXL  N-term 


rAIO(ug) 


•«-  intact 


■*-  primary 
cleavage 
product 
(85  kDa) 


H  so 


percent 

change 

cell 

count  o 
r  +MPi  i 
L  -MPi  J 


-60 


80 

80 

* 

* 

—  _L 

' 

a 

- 1 - 1 - =t=—  -60 

oV*  <f  °V%  °V% 


6uM  GI-254023X  . 


DMSO 


siAIO . 


siGtrl 


siAl  1/ 
/  si 


siCtrl 


Figure  7 


1 

live-cell 
protease 
activity 
(30  min) 


■  ADAM  10 

□  ADAM17 

* 

1 

**  1* 

X 

< 


11 


dtt 


control 


IP:  HA 


r-  S  l 

%  E  g 


ADAM10-HA 
5  min  U0126 


siCtrl 

■  siTIMPI 

□  siTIMP3 


PD 


i 


I 


IP:  HA 


120kDa+ 

120kDa-» 

120kDa-^ 

ADAM10-HA 
5  min  U0126 


IB:  A10 

IB:  T1 

IP  input 
IB:  A10 


1 

120  kDa 
band 
intensity 
(frac  max) 

0 

ADAM10-HA 
5  min  U0126 


ii 


IP:  HA 
■  IB:  A10 
□  IB:  TIMP1 


I  * 


cell  line  /  drug 

■  231,  MEKi 

dLOX,  MEKi 

□  LOX,  BRAFi 


K 


•  Ctrl 

•  MEKi+BRAFi 

•  T1-NAB 

•  MEKi+BRAFi 
+T1-NAB 


L 


Basal  Signaling 


TI-NAB/MAPKi 

Bypass  Signaling 

AXLi/MAPKi  Synergy 

Combination 

( 

J.vcy 


TIMP1/S 


▼ 

proliferation  via 
dysregulated 
RAS/RAF/MEK  signaling 


metalloproteinase 
or  MAPK  inhibition 


proliferation  and 
drug  resistance  via 
reduced  RTK  shedding 


metalloproteinase 
or  MAPK  inhibition 


AXL  inhibition 


reduced  tumor  growth 
and  metastasis 


MAPK 


enhanced  tumor  killing 
and  forestalled  recurrence 


